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Abstract

This paper analyzes the lightning protection of
a 110 kV substation in a wind park, focusing
on transients caused by lightning strikes to the
connected 110 kV overhead line. Two configurations
of surge arresters are compared: 1) application
of the standard surge arresters installed in the
line bay between the grounding system and phase
conductors, 2) application of the surge arresters at
the gantry tower. Both solutions are compared from
the aspect of maximum amplitudes of lightning
transients in the substation, as well as from the
aspect of the energy stress of two sets of surge
arresters at the 110 kV voltage level. Regarding
the maximum amplitudes of lightning transients in
the substation, it is presented that in the analyzed
case, both solutions have some advantages and
disadvantages, and neither solution is better in all
aspects. However, standard installation of surge
arresters in the line bay is significantly efficient from
the aspect of sharing energy stress between the sets
of surge arresters.
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1 Introduction

Implementation of the proper lightning protection
system is essential for reliable exploitation of high
voltage substations. Lightning protection of a high
voltage substation is mainly implemented for two
reasons: 1) protection against direct lightning strikes
into the elements of the high voltage substation [1, 2],
2) protection against lightning transients caused by
lightning strikes into the connected overhead line [3-
5]. In the second case, lightning protection of the
substation is mainly implemented using two sets of
surge arresters [4, 5]. The first set is installed in
the transmission line bay, while the second set is
installed in the transformer bay. Both sets are, in
most cases, installed in a standard way, between the
phase conductors and the grounding system of the
substation. This solution, in most cases, leads to a
very high lightning protection level of the elements
in the substation [4, 5]. However, there is also
the possibility of installing line arresters at the first
overhead line towers in front of the substation to
improve the lightning protection of the equipment
in the substation [6-8]. This solution can be applied
in cases when: 1) There is a long cable line or
gas-insulated line between the power transformer
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Figure 1. The schematic representation of the configuration of the connected 110 kV overhead line
in front of the substation.

and switchgear with direct connection to the power
transformer (without bushings). In this case, surge
arresters cannot be installed near the terminals of a
power transformer [6]. 2) To additionally reduce
amplitudes of lightning transients in the substation,
to reduce energy stress of station surge arresters and
avoid back-flashover and short circuits in front of
the substation [7, 8]. Novelty of this paper is the
analysis of the possibility of replacing standard station
surge arresters in the line bay with surge arresters
installed at the gantry tower. In this way, more compact
substations can be implemented. In the case of large
substations with non-standard configurations, there is
also the possibility to install additional sets of station
surge arresters, but that increases investment costs and
reduces the reliability of the substation [9].

In this paper, the lightning protection of the real 110 kV
substation against transients caused by lightning
strikes into the connected overhead transmission line
is analyzed. Two solutions are compared:

1. Application of the standard station surge arresters
installed in the transmission line bay between the
grounding system and phase conductors. This
solution is common all over the world.

2. Application of surge arresters at the gantry tower.
This solution is not standard but can be useful in
cases when there is a limited space to build the
substation, or in cases when surge arresters in the
line bay are not applied during the construction
phase and need to be installed during exploitation
of the substation.

Comparisons of two solutions are made from the
aspect of maximum amplitudes of lightning transients
in different points of the substations, and from the
aspect of the energy stress of two sets of surge arresters

at the 110 kV voltage level. It is presented that in the
analyzed case, both solutions have some advantages
and disadvantages from the aspect of the maximum
amplitudes of lightning transients that can appear in
the substation. However, installation of both sets of
surge arresters in the standard way between the phase
conductors, with the grounding system, leads to much
better sharing of energy stress between the sets of surge
arresters.

2 Applied models and parameters of elements
in calculations

Numerical calculations of lightning transients in the
substation are done in the EMTP-ATP software [ 10, 11].
Analyses and graphical presentation of the calculated
results are done using the MATLAB software [12]. The
interaction between two software is described in [5].
The models of elements applied during the creation
of the equivalent circuit are the same as in [4, 5].
Calculations and modeling are done in accordance
with relevant international standards and technical
documents [13-20]. Some parameters of elements are
used from the project documentation of the real high
voltage substations.

The schematic representation of the configuration of
the connected 110 kV overhead line in front of the
substation is presented in Figure 1. The existing single
circuit 110 kV overhead line is cut into two parts, and
both parts are connected to the new double circuit
tower (DCT). DCT is further connected to the 110 kV
substation of the wind park.

The parameters of the connected overhead
transmission line are presented in Table 1. The
geometry of the DCT and of the single circuit towers
is shown in Figure 2.

Schematic representation of the configuration of the
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Table 1. Parameters of the connected 110 kV overhead line.

Span lengths [m]

Istto2nd 2nd to3rd 3rd to DCT*

DCT* to gantry DCT* to 4th  4th to 5th  5th to 6th

243 187 73

73

185 190 210

Tower heights to lower console [m]

Gantry DCT* 1st

2nd 3rd 4th

5th  6th

10.0 14.7

162 152 162 202 152 142

Note: DCT* - 110 kV double circuit overhead line tower.

analyzed substation is given in Figure 3.

bay are analyzed:

e SA1-LA - surge arresters installed at the gantry

tower.

e SA1l-surgearresters installed in the standard way,
between the phase conductors and the grounding

system.

The lightning impulse withstand voltage (BIL) of

equipment in the substation is as follows:

o All equipment in the 110 kV part of the substation:

550 kV.
e Power transformer, 33 kV voltage level: 125 kV.

e Other equipment in the 33 kV part of the

substation: 170 kV.

56m 2m
31m 2.7m
486m 2m
45m 31m
33m 48m 35m alo
14.7m H
(a) (b)

Figure 2. Geometry of the: (a) double circuit 110 kV tower

in front of the substation, (b) other single circuit 110 kV
overhead line towers.

Non-linear U-I characteristics of the surge arresters

28

Two
configurations of the surge arresters (SA1) in the line

with rated voltages equal to 36.6 kV and 96 kV installed
at 33 kV and 110 kV voltage levels of the substation,
respectively, are given in Table 2.

The photos of the surge arresters at the gantry tower
and of the double circuit tower (DCT) are given in
Figure 4.

Other important parameters of elements are used from
the technical documentation of typical substations
with similar configurations, or typical data for these
types of calculations are applied, as follows:

Transmission line. Tower surge impedance is
170 €. Gantry tower surge impedance is 120 €.
Surge velocity is 255000 km/s. Span lengths of the
transmission line are given in Table 1. Gantry tower
grounding resistance is assumed to be 10 times lower
than the grounding resistance of the overhead line
towers.

Phase conductor and ground wire. Surge
impedances are 450 Q2 and 550 (2, respectively.
Surge velocity is 300000 km/s.

Lightning current. The waveshape is represented
by a double ramp function. Current amplitude, front
and tail of the wave durations, and lightning channel
surge impedance are: 200 kA, 10/350 ps/us, 400 €2.

Instrument voltage transformer surge capacitance
is 0.5 uF.

Surge arresters are modeled as non-linear resistors.
U-I characteristics are given in Table 2. Lengths of
connecting conductors to the phase conductor and
to the grounding system for SA1, SA2, and SA3 are
9m, 4.3 m, and 5 m, respectively.

The power transformer turn ratio is 115/33 kV/kV.
Surge capacitances are C1 = 3 uF, Ci2 = 3 uF,
Cy = 4 uF. Other data are as follows: YNd5, 63 MVA
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Figure 3. Schematic representation of the configuration of the analyzed substation.
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Table 2. Non-linear U-I characteristics of the surge arresters at the 110 kV and 33 kV voltage levels of the substation.

33 kV 110 kv
Current Voltage Current Voltage

1kA 75.8 kV 5kA 212 kV
25kA  802kV  10kA  226kV

5kA 842kv. 20kA 244 kV
10kA  8.1kv  40kA  268kV
20kA 101.6 kV - -

Voltage level

U-I non-linear
curve defined by the
manufacturer for the impulse
current wave 8/20 pus/us

(b)

Figure 4. Photos of the surge arresters in 110 kV substations of wind parks: (a) at the gantry tower (SA1-LA), (b) in the
line bay (SA1).

(ONAF), Py = 40 kW, P, = 140 kW, I, = 0.08%, e The grounding transformer surge capacitance is
Uk =11%. 2.5 uF.
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Figure 5. Calculated amplitudes of lightning transients in the substation in the case of the lightning strike to the top of the

gantry tower: (a) Point 1, SA1-LA, (b) Point 1, SA1, (c) Point 2, SA1-LA, (d) Point 2, SA1, (e) Point 3, SA1-LA, (f) Point 3,
SAl, (g) Point 4, SA1-LA, (h) Point 4, SA1, (i) Point 5, SA1-LA, (j) Point 5, SA1.

100

Grounding resistance [Ohm]

e Lengths of conductors in the substation are as e Point 3 — power transformer, 110 kV side.
follows: The gantry tower to the voltage transformer
(VT) in the line bay is 5.5 m. The VT to the current
transformer (CT) in the line bay is 7 m. The CTto e Point 5 — grounding transformer at the 33 kV
the 110 kV busbars is 11 m. The 110 kV busbars to voltage level.
the surge arrester (SA2) in the transformer bay are
15.5 m. The SA2 to the power transformer is 4 m.

e Point 4 — power transformer, 33 kV side.

All amplitudes of the lightning transients in the
following figures higher than 500 kV are marked with
e Power cables. Lengths of power cables at the 33 kV  red circles, since those values can be considered as
voltage level are: Cable 1 length is 63 m, Cable 2 dangerous for the insulation of equipment, with nearly
length is 55 m. Surge impedance of cables is 60 2, 10% safety margin included. Amplitudes of lightning
and surge velocity is 150000 km/s. transients at the 33 kV voltage level are not dangerous

for the insulation of equipment, since their values are
e The flashover distance of line insulators is 0.83 m. 1, .16w 90% of the BIL of the equipment.

e The grounding resistance and power frequency

voltage phase angle values are varied in calculations. 3.1 Lightning strikes the top of the gantry tower

Calculated amplitudes of lightning transients for this
case are presented in Figure 5. It can be observed
that in the case of installation of set of surge arresters
SA1-LA all amplitudes of lightning transients are well
Amplitudes of lightning transients in the substation pelow BIL of equipment, Figure 5(a), Figure 5(c),
are calculated at five points, marked in Figure 3: Figure 5(e), Figure 5(g), Figure 5(i). In the case
when standard surge arresters SAl are installed
back-flashovers do not appear at the line insulators
e Point 2 - 110 kV busbars. of gantry tower if its grounding resistance is <3 €,

3 Calculation of the amplitudes of lightning
transients in the substation

e Point 1 - voltage transformer in the line bay.
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Figure 6. Calculated waveshapes of lightning transients at the voltage transformer in the line bay in the case of the
lightning strike to the gantry tower for different values of the phase angle of power frequency voltage: (a) SA1-LA, (b)
SAL.

and equipment in the substation is well protected,
Figure 5(b), Figure 5(d), Figure 5(f), Figure 5(h),
Figure 5(j). However, if the substation (gantry tower)
resistance is >3 (2, back-flashovers appear at the line
insulators at the gantry tower and very high lightning
transients appear at the voltage transformer in the
line bay and at the 110 kV busbars, Figures 5(b)
and 5(d), up to 865 kV. Consequently, voltage and
current instrument transformers in the line bay and
equipment at the 110 kV busbars will be damaged by
lightning transients. Due to the set of surge arresters
SA2 and SA3 installed close to the power transformer,
its insulation is properly protected in both cases and
at both voltage levels, 110 kV and 33 kV. Even the
insulation of the grounding transformer at the 33 kV
voltage level is well protected in both cases against
transferred lightning transients through the power
transformer, although the set of surge arresters SA3 is
installed near the power transformer and is far away
from grounding transformer.

Calculations are repeated to compare two solutions
of installing surge arresters in the line bay, assuming
that the grounding resistance values of overhead line
towers and of the gantry tower are 35 {2 and 3.5
(1, respectively. Critical point in the substation is
considered, that is, the instrument voltage transformer
in the line bay. Calculated waveshapes of lightning
transients for different values of the phase angle of
power frequency voltage are presented in Figure 6. It
can be observed that the SA1-LA solution is much more

efficient in reducing amplitudes of lightning transients
compared to the SA1l solution in the case when
lightning strikes the top of the gantry tower, especially
if back-flashovers appear at the line insulators of gantry
tower. In Figure 6(b), it can be observed that for some
values of the phase angle of power frequency voltage,
the back-flashover does not appear in the observed
phase, but it appears in another one or two phases.
Because of that, the voltage waveshape is flat, since
there are no lightning transients in the observed phase
but only the power frequency voltage.

3.2 Lightning strikes to the top of the DCT

Calculated amplitudes of lightning transients for this
case are presented in Figure 7. It can be observed
that in the case of the installation of a set of surge
arresters, SA1-LA voltage transformers in the line bay
are not properly protected. Amplitudes of lightning
transients are up to 571 kV, which is more than the
BIL of the equipment (550 kV), Figure 7(a). Other
equipment, including the 110 kV busbars, is properly
protected. In the case that a set of surge arresters SA1 is
installed in the standard way, the maximum amplitude
of the lightning transient is 537 kV, Figure 7(b). This
is lower than the BIL of the equipment at the 110 kV
voltage level (550 kV), but a 10% safety margin is not
satisfied. This is also lower compared to 571 kV, which
is calculated in the case when the set of surge arresters
SA1-LA is applied, showing that in this case, the SA1
solution is more efficient compared to the SA1-LA.
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Figure 7. Calculated amplitudes of lightning transients in the substation in the case of the lightning strike to the top of the
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Figure 8. Calculated waveshapes of lightning transients at the voltage transformer in the line bay in the case of the
lightning strike to the DCT for different values of the phase angle of power frequency voltage: (a) SA1-LA, (b) SAL.

Calculations are repeated to compare two solutions,
assuming that the grounding resistance values of
overhead line towers and of the gantry tower are
35  and 3.5 ), respectively. Critical point in the
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substation is considered, that is, the instrument voltage
transformer in the line bay. Calculated waveshapes of
lightning transients for different values of the phase
angle of power frequency voltage are presented in
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Figure 8. It can be observed that the SA1-LA solution
is in this case slightly less efficient compared to the
SA1 solution.

3.3 Lightning strikes the top of the 3rd tower

Calculated amplitudes of lightning transients for this
case are presented in Figure 9.

It can be observed that voltage transformers in the line
bay, in the case of SA1-LA surge arrester application,
are properly protected, except if the tower grounding
resistance is 50 (2 when the amplitude of the lightning
transient reaches 520 kV. In that case, the 10% safety
margin is not satisfied. Other equipment, including
the 110 kV busbars, is properly protected. In the case
when the SA1 set of surge arresters is applied, the
maximum amplitude of the lightning transient at the
voltage transformer is 552 kV, which is higher than the
BIL of the equipment (550 kV). Critical amplitudes
of lightning transients in this case are reached in
more calculation scenarios and for lower values of the
tower grounding resistance compared to the SA1-LA
solution. This means that in this case, protection is
slightly more efficient when the SA1-LA set of surge

arresters is applied, as in section 3.1.

Calculations are repeated to compare two solutions,
assuming that the grounding resistance values of
overhead line towers and of the gantry tower are
35 Q and 3.5 (), respectively. Critical point in the
substation is considered, that is, the instrument voltage
transformer in the line bay. Calculated waveshapes of
lightning transients for different values of the phase
angle of power frequency voltage are presented in
Figure 10. It is concluded that the SA1-LA solution
is in this case slightly more efficient compared to the
SA1 solution.

4 Calculated absorbed energy of the sets of
surge arresters at the 110 kV voltage level

4.1 Lightning strikes the top of the gantry tower

Calculated energy stress of surge arresters at the 110 kV
voltage level of the substation in the case of a lightning
strike to the top of the gantry tower when a set of surge
arresters SA1-LA is applied is presented in Figure 11.
The Maximum calculated energy stress in Figure 11 is
up to 860 kJ (9 kJ/kVy,.), which means that the energy
class of selected surge arresters must be at least station
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Figure 10. Calculated waveshapes of lightning transients at the voltage transformer in the line bay in the case of the
lightning strike to the DCT for different values of the phase angle of power frequency voltage: (a) SA1-LA, (b) SAL.

medium, or station high [21].
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Figure 11. Calculated absorbed energy of surge arresters at
the 110 kV voltage level of the substation in the case of a
lightning strike to the gantry tower when the SA1-LA set of
surge arresters is applied: (a) SA1-LA, (b) SA2.

Calculated energy stress of surge arresters at the 110 kV
voltage level of the substation in the case of a lightning
strike to the top of the gantry tower when a set of surge
arresters SA1 is applied are presented in Figure 12. In
this case, surge arresters absorb very low energy and
are not endangered by lightning strikes.

4.2 Lightning strikes to the top of the DCT

Calculated energy stress of surge arresters at the 110 kV
voltage level of the substation in the case of a lightning
strike to the top of the DCT when a set of surge arresters
SA1-LA is applied is presented in Figure 13. Maximum
calculated energy stress in Figure 13 is about 2000
kJ (20.8 kJ/kVy,.), and this value is calculated for
surge arresters installed in the transformer bay. This
is extremely high energy stress, and it is difficult
to find surge arresters that can absorb this amount
of energy. At the same time, line arresters at the
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Figure 12. Calculated absorbed energy of surge arresters at
the 110 kV voltage level of the substation in the case of a
lightning strike to the gantry tower when the SA1 set of

surge arresters is applied: (a) SA1, (b) SA2.

gantry tower absorb very low energy, about 300 ],
which means that almost all energy is absorbed by
the set of surge arresters installed near the power
transformer. The reason for that is that standard station
surge arresters are directly grounded to the substation
grounding system and conduct large currents, while
line arresters are grounded to the gantry tower, whose
surge impedance limits the current conducted and
energy stress. Also, since lightning transients come
both at phase conductors and at the ground wires,
the potential difference at the set of surge arresters
installed at the gantry tower can be significantly
lower compared to the surge arresters installed in the
transformer bay.

Calculated energy stress of surge arresters at the 110 kV
voltage level of the substation in the case of a lightning
strike to the top of the DCT when a set of surge
arresters, SA1 is applied is presented in Figure 14.
In this case, surge arresters absorb almost the same
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energy, up to 700 kJ (7.3 kJkVy,-), which means that
the energy class of selected surge arresters must be at
least station medium [21]. This means that two sets
of standard station surge arresters installed between
the phase conductors and the grounding system of the
substation share well total energy stress, which leads
to uniform energy dissipation.
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Figure 14. Calculated absorbed energy of surge arresters at
the 110 kV voltage level of the substation in the case of a
lightning strike to the DCT when the SA1 set of surge
arresters is applied: (a) SA1, (b) SA2.

The calculations are repeated for the case when the
grounding resistance values of overhead line towers
and of the gantry tower are 35 Q and 3.5 (2, respectively,
and for different values of the power frequency voltage
phase angles. Calculated results are presented in
Figure 15, in the case when the set of surge arresters
SA1-LA is applied, and in Figure 16, in the case when
the set of surge arresters SA1 is applied. Non-uniform
energy stress of sets of surge arresters SA1-LA and
SA2 can also be observed in this case, Figure 15. The
maximum absorbed energy of surge arresters SA2 is
in this case up to 1170 kJ (12.2 kJ/kVy,), which means
that the energy class of selected surge arresters must
be station high [21]. In the case when the sets of surge
arresters SA1 and SA2 are applied, Figure 16, energy
stress is uniform and up to 450 kJ (4.7 kJ/kVy,-), which
means that even the surge arresters with the energy
class station low can fulfill requirements [21].
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Figure 15. Calculated absorbed energy of surge arresters at
the 110 kV voltage level of the substation for different
values of the power frequency voltage phase angle in the
case of a lightning strike to the DCT when the SA1-LA set

of surge arresters is applied: (a) SA1-LA, (b) SA2.
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Figure 16. Calculated absorbed energy of surge arresters at
the 110 kV voltage level of the substation for different
values of the power frequency voltage phase angle in the
case of a lightning strike to the DCT when the SA1 set of
surge arresters is applied: (a) SA1, (b) SA2

5 Conclusion

Based on the results presented, the following
conclusions can be given:

e Surge arresters installed at the gantry tower are
more efficient in reducing amplitudes of lightning
transients in the substation in the case when
lightning strikes the gantry tower. This solution
is also slightly more efficient in the case when
lightning strikes at the 3rd tower.

e Surge arresters installed in the line bay, between
the phase conductor and substation grounding
system, are slightly more efficient in reducing
amplitudes of lightning transients in the
substation in the case when lightning strikes
a double circuit tower (DCT) in front of the
substation.

e In the case when surge arresters are installed at
the gantry tower, two sets of surge arresters at
the 110 kV voltage level absorb almost the same
energy when lightning strikes the gantry tower. In
other cases, the sharing of energy stress between
two sets of surge arresters is strongly non-uniform,

35



ICCK Transactions on Electric Power Networks and Systems

ICJK

36

and the set of surge arresters installed in the
transformer bay absorbs most of the energy.
Consequently, these surge arresters must be
selected with high energy absorption capability.
In cases when the expected grounding resistance
values of overhead line towers in front of the
substation are high, this solution can be avoided
because of the very high energy stress of surge
arresters installed near the power transformer and
the possibility of their thermal failures.

In the case when surge arresters are installed in the
standard way, between the phase conductors and
the grounding system, two sets of surge arresters
at the 110 kV voltage level have relatively uniform
energy stress, and both sets of surge arresters
can be selected with the same energy absorption
capability. The probability of thermal failures of
surge arresters installed in the transformer bay
is significantly lower in this case, even for high
values of grounding resistance of overhead line
towers.

In analyzed configuration, installation of the surge
arresters in the line bay at the gantry tower
is slightly better solution from the aspect of
reduction of the amplitudes of lightning transients
in the substation, while installation of the surge
arresters in the line bay in standard way between
the phase conductors and grounding system in
significantly better from the aspect of energy
stress sharing between the two sets of surge
arresters at the 110 kV voltage level of the
substation. Both solutions have some advantages
and disadvantages, and neither solution is better
in all cases.

Optimum solution of installation of surge
arresters in the transmission line bay must be
found for every specific case separately, since
calculated results are strongly influenced by the
parameters of elements and configuration of the
analyzed substation and connected lines.

Standard surge arresters in the line bay can be
a preferable solution because there is uniform
energy stress sharing between the surge arresters
installed in the line bay and transformer bay, and
because it is easier to perform diagnostic tests
of surge arresters during exploitation. Surge
arresters at gantry tower can be applied in cases
when compact substations need to be designed, or
in cases when surge arresters must be retrofitted
because they are not planned in the project

documentation or are not installed in existing
substations. However, in that case, it is more
difficult to perform diagnostic tests of surge
arresters during exploitation. Also, if possible,
this solution can be avoided in cases where the
grounding resistance of overhead line towers is
very high.
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