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Induced effects on cables laid in the vicinity of substation lightning masts
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Abstract

The disturbances induced in low voltage cables in an HVDC substation during a
lightning strike to a mast were evaluated using the simulation tool HIFREQ. To
analyse the observed effects, an equivalent circuit approach was utilised and a model
of a simplified cable was developed and implemented in Simulink. A set of simula-
tions was conducted to study the origins of the disturbances. The result shows that
the main reason for the disturbance was the high ground potential difference be-
tween cable screen grounding points created during lightning, which caused a screen
current to flow.

The magnitudes of the disturbances were found to be below 90 V per kA of the
lightning current for all the simulated cables. Different mitigation methods (adding
parallel conductors to the cable, changing configuration of the mast, etc.) were
tested to evaluate their effectiveness in damping the disturbances. Moreover, a risk
analysis based on the rolling sphere method was conducted to investigate how often
faults in low voltage cables can be expected. It was concluded that the risk of cable
breakdown is negligible in comparison to the risk of cable overheating due to the
high screen current.

Keywords: Ground Potential Rise, Grounding, Cable Lightning Disturbance, Light-
ning protection, Rolling Sphere Method, CDEGS, HIFREQ, HVDC.
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Introduction

1.1 Problem description and background

High Voltage Direct Current (HVDC) technology has characteristics that make it
especially attractive for certain transmission applications. It is widely recognised as
being advantageous for long-distance bulk-power delivery, asynchronous intercon-
nections, and long submarine cable crossings.

HVDC technology can be split into two different branches depending on the con-
verter type used. One relies on thyristor based Line Commutated Converters (LCC)
for the conversion between AC and DC and the other uses IGBT Voltage Source
Converters (VSC). VSC-HVDC is typically used for connections with lower voltage
and power rating and comes with certain benefits that LCC-HVDC can not provide.
Such as being able to assist in the black start of an AC grid and provide reactive
power compensation.

A VSC-HVDC station also has a much smaller footprint compared to a LCC-HVDC
station. The layout of a typical VSC-HVDC station is shown in Figure 1.1.

Figure 1.1: An VSC-HVDC station [1].

The VSC semiconductor valves are placed inside buildings, and DC and AC yards
can be in buildings on request. Lightning masts are placed in the converter sta-
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1. Introduction

tion to protect the equipment from lightning. Low voltage power and signals cables
are routed from the control and auxiliary building to the different equipment in
the station. As a result of the smaller footprint, Low Voltage (LV) cables need to
be routed closer to lightning masts in VSC-HVDC stations. Lightning strokes to
masts produce travelling waves along the mast and grounding grid which is a com-
mon source of electromagnetic disturbances to cables. The Ground Potential Rise
(GPR) associated with a lightning strike also contribute to cable disturbances.

Previous work on computational simulations of lightning disturbances to cables has
been done, mainly focusing on railway systems [5] and small substations using single
core cables [6]. The main shortcomings of applying the previous work on HVDC
converter stations are that they have not included cables with multiple core conduc-
tors and the specific connections at the cable terminations are not discussed. Also,
the risk of the overvoltages damaging the cable has not been investigated and only
a limited number of mitigation methods have been evaluated.

1.2 Aim

The aims of this thesis are to:

i Perform a technical review of electrical disturbances to LV cables caused by
lightning strikes to neighbouring structures.

ii Identify the main parameters affecting cable disturbances, create simulation
models to reproduce the effects in order to evaluate the magnitude of the dis-
turbances.

iii Propose and validate mitigation methods that permit routing cables beneath
lightning masts.

iv Perform a risk analysis for the proposed mitigation methods.

1.3 Scope

To reduce the number of cases to simulate, only negative downward lightning was
analysed as this accounts for the vast majority of substation lightning [7]. Further
more, only primary lightning strokes were simulated as subsequent strokes tend to
be of much lower current and energy [4].

Only the temperature and voltage rating of cables were considered for the risk
analysis. The damage to equipment connected to the cables were not considered as
these might have other voltage and current ratings.

1.4 Societal and environmental aspects

Most countries aim to reduce their dependency on non renewable energy sources for
electricity production to mitigate climate change. HVDC has several characteris-
tics that can play a vital part in completing this energy transition in a successful
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way. VSC-HVDC is commonly used to connect offshore wind farms to the main-
land as it is efficient in long submarine connections. Also, the long distance power
transmission that HVDC provides can be used to incorporate untapped renewable
energy resources located far from large cities to the power system. An area with
high transmission capabilities will also be more resilient to weather fluctuations as
it can more easily export energy when the weather is favourable and import when
the production is low.

Another aspect of HVDC are the societal benefits. HVDC can in many cases offer
a cost effective solution for grid investments. Which can result in lower transmis-
sion costs for the consumers. The high power transfer capability of HVDC can also
reduce the number of power lines needed in comparison to traditional AC power
transmission. This implies that less land needs to be occupied by power lines and
can be used for other purposes.

As the aims of this thesis are related to improving the reliability of HVDC stations
and reducing cost and size. The result could help in making HVDC technology a
more viable option for new transmission grid investments. Decreasing the time for
countries to transition into more renewable energy production and reducing the cost.
This thesis investigates VSC-HVDC stations but the principals discussed apply to
both AC and HVDC substations where cables need to be routed close to lightning
masts.
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Cable disturbances during
lightning

2.1 Station grounding system

The grounding system is an important part of an electrical station as it provides a
low impedance path to ground for fault and lightning currents, which reduces the
GPR of the station. A high GPR can be dangerous for humans as it implies high
step and touch voltages and can cause flashovers between points with a high Ground
Potential Difference (GPD) [8]. The GPD between different points in the station can
also result in high currents flowing in metallic objects grounded at multiple points
in a station.

A substation grounding system is often composed of a grounding grid and grounding
rods. The grid consists of bare conductors, buried underground and extends over the
entire substation. A grounding rod is a bare conductor extending downward, into
the soil. The grounding resistance is affected by many parameters, e.g. the mesh
size of the grounding grid, the number of grounding rods and the soil resistivity.
Smaller grid meshes and grounding rods will result in a lower grounding resistance
[8]. Therefore, substations placed in regions with a high soil resistivity tend to uses
smaller grid meshes and more grounding rods.

2.1.1 Soil parameters

Soil resistivity and permitivity are important parameters affecting the GPR of a
station during a lightning strike. A low soil resistivity implies a low GPR since the
current can easily disperse into the soil. A high soil permitivity will contribute to
capacitive effects in the soil, reducing the soil impedance at higher frequencies and
therefore decrease the GPR of the station. The soil resistivity is the lowest for wet
soil, with a value in the range of 10 2-m. Dry soil has a resistivity around 1000 2-m
and bedrock 10 000 ©-m [8]. The soil relative permitivity varies between approxi-
mately 4 for dry soil and 20 for wet soil. However, both the electrical resistivity and
permittivity has some frequency dependency and tend to decrease with increasing
frequencies [9]. When a material is energised by an electric field, a current will flow
with a current density equal to

JTot :Jc+JD :UQE+jCUEE, (21)
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2. Cable disturbances during lightning

where Jo is the conduction current, Jp the displacement current, oq the DC con-
ductivity and € the permitivity. € is a complex number equal to € = ¢ — j€¢” which
implies

J1ot = 0oE + jw(€' — jé")E = (0¢ + we”)E + jwé'E. (2.2)

The real part of the permittivity is related to the materials polarization and energy
storage ability. The imaginary part is related to the losses during the polarization
of the material. The permittivity generally decrease with increasing frequency since
the slower polarization processes with higher inertia does not have time to get po-
larised during one cycle of the fast changing field. Implying less polarisation per
cycle and thus a lower value of €. The conductivity o = 0¢ + we” increase with in-
creasing frequency and thus the resistivity decrease. The GPR caused by a lightning
strike is largely dependant on the soil resistivity and thus not taking into account
to frequency dependency of soil parameters could lead to an overestimation of the
GPR. The soil permittivity is related to the capacitive effect of the soil. Increasing
the permittivity implies a higher capacitance and thus a lower soil impedance [10].

It has been suggested that the frequency dependency of the soil resistivity and
permitivity should be modelled as

Po
_ 2.3
P=1 +0.47 - 1067 f0-547 (2.3a)
€=9.5-10"py "¥ 704 1+ 12, (2.3b)

where pg is the DC soil resistivity [9].

Another aspect to consider when modelling the electrical characteristics of soil is
ionisation. When lightning strikes a structure, the surrounding soil will experience
a strong electric field. In the region where the electric field strength exceeds the
breakdown strength of the soil, the soil will get ionised and the resistivity will de-
crease drastically [11]. This can be seen as increasing the size of the grounding
electrode since the surrounding soil becomes conducting and the GPR associated
with the lightning strike is then decreased. The breakdown strength of soil tend to
vary greatly depending on soil type and decrease with increasing moisture content.
However, the breakdown strength is always lower than that of air and it has been
suggested that the breakdown strength varies between 300 to 400 kV /m [12].
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2.2 Cable disturbances

2.2.1 Lightning disturbances

When a lightning strikes a mast in a substation, a high GPR is generated in the
surrounding area. During the first micro seconds of the strike, the increase in cur-
rent is very steep and therefore the lightning impulse contains high frequencies. The
impedance of the grounding grid for the high frequency part of the impulse increase
significantly due to the grid’s inductance. This implies that more current will flow
through the soil, creating a high GPR close to the lightning mast which quickly
decrease when moving away from the tower. As the steep front of the impulse is
over, only the low frequency part of the impulse remains and the impedance of the
grid decrease. This implies that less current will flow in the soil and the GPR of the
grid becomes approximately uniform [13].

The screen of a LV cable in the station, which is grounded at different points of
the grid, will experience a high potential difference between it’s two ends (during
the first micro seconds) if one point is grounded close to the mast. The poten-
tial difference will consist of two components, the GPR difference between the two
grounding points and the induced component due to the mutual inductance between
the screen and the grounding grid. The two components are of opposite sign and
the GPR difference is the dominant one if the cable is grounded close to the mast [6].

The potential difference will give rise to a current in the screen which is coupled
to a potential difference between the cable screen and core conductors though the
transfer impedance of the cable [14]. The equivalent circuit of a short cable segment
with one core conductor of the length Al is shown in Figure 2.1.

R,Al LAl
NV

\

MAl —— CAl

R.Al /Lcm
AN\ —T——

Figure 2.1: Equivalent circuit of a short cable segment [2].

Where R, and Lg are the screen parameters, R. and L. the core parameters and
C the capacitance between the screen and core. The high frequency component
of the screen current will be shared between the screen and core conductor due to
the capacitance of the cable, which presents a lower impedance as the frequency
increase. When current flows through a capacitor, a voltage is created according to

1t
V)= [ o dt+ V(). (2.4)

to



2. Cable disturbances during lightning

where C is the capacitance, I the current and V(t) the voltage. From this reason-
ing it can be concluded that if the frequency content or magnitude of the screen
current is increased, more current will flow to the core conductor and the voltage
disturbance will increase.

There is also a mutual inductance between the screen and the core conductor [14].
Current flowing in the screen will induce a current of opposite direction in the core
conductor to reduce the created magnetic field. The induced current will be of
opposite sign to the capacitive current and thus the induction will mitigate the dis-
turbance. As the cable can be seen as a series of RLC networks, the core current
and core to screen voltage will contain oscillations if the lightning current contains
the cables oscillation frequency.

2.2.2 Rated impulse voltage

Low voltage power and signal cables rated below 3 kV are not subjected to impulse
tests and are only tested under steady state conditions according to IEC standards
[15]. Solid insulation can, however, withstand much higher impulse voltages com-
pared to steady state AC voltages [16]. The dielectric strength of typical polyethy-
lene (PE) and cross linked polyethylene (XLPE) insulation used in LV cables is
between 35-50 kV/mm [17].

2.2.3 Cable parameters

When considering high frequency cable disturbances, which occurs during a light-
ning strike, the frequency dependency of parameters such as the resistance and
inductance should be included. For a coaxial cable with a solid inner conductor, the
DC resistance can be calculated as

p
RDC’,Inner == lw; (25&)
p
R C,Screen — l y 2.5b
v w310 (25

where 1 is the length of the cable, p the conductor resistivity, r the inner conductor
radius, r; the inner screen radius and ro the outer screen radius. However, when
a high frequency current flows through the cable, the current will be pushed out
from the middle of the conductor. This phenomenon is known as the skin effect
and is caused by induced eddy currents cancelling out the current in the middle of
the conductor and increasing the current close to the conductors surface. This will
cause current to only flow in a region between the outer surface of the conductor
and a certain skin depth [18]. The skin depth and the resulting resistance (assuming
that the skin depth is shorter than the conductor radius or screen thickness) can be

8



2. Cable disturbances during lightning

calculated as

e RAC: ) (26)

2 _ (2 _ [2p)2
wht m(r? —(r 2Z2)?)

where w is the angular frequency, p the permeability of the conductor and r the
radius of the conductor (outer radius if calculated for the screen).

The conventional way of calculating the inductance of a cable with coaxial geome-
try is to assume that all the current flowing in the core returns through the screen.
Which cancels out the magnetic field outside of the cable. However, this is not the
case when considering lightning disturbance to a cable as the screen current will
dissipate in the soil instead of returning through the core. Instead, the core and
screen inductance must be separated. The low frequency per meter self inductance
of a straight wire can be calculated as

Lsuy = %(ln@l/r} —0.75), (2.7)

where iy is the permeability of free space and p, the relative permeability [19].
Part of this inductance comes from the magnetic field inside the wire, called the
internal inductance. At high frequencies, the current will only flow at the conductors
outer boundary and thus the inner inductance will tend to zero and needs to be
subtracted. The inner inductance is given by Liner = g= [19]. This is also true
for a thin hollow cylinder (screen) as the inner inductance is small and needs to be
subtracted, resulting in

0 nop

Lgay = 27T(ln(2l/7”) 0.75) & = 27T(ln(2l/r) 1). (2.8)
The mutual inductance between the screen and core is equal to the screen inductance
as all of the magnetic flux produced by a current flowing in the screen encompasses
the core conductor [14]. The capacitance of a coaxial cable in not dependant of
the skin effect, however, as discussed in 2.1.1, polarization of the insulation will be
affected at higher frequencies and the permittivity will decrease. If the frequency
dependency of the insulation permittivity is neglected, the capacitance per meter of
a coaxial cable can be calculated as

2me €

“T ey

Te

(2.9)

where €, is the permittivity of free space, €, the relative permittivity of the insulation
material, r; the inner radius of the screen and r. the radius of the core [18].
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2.2.4 Heating of cables

During a lightning strike, conductors close to the striking point will conduct a high
portion of the lightning current which can result in a significant conductor temper-
ature increase. As lightning is a phenomenon with a very short duration, almost no
heat will be removed from the conductor during the strike and the heating process
can be seen as adiabatic [3]. The heating energy absorbed by a conductor subjected
to a current impulse can be calculated as

W= R/OTz'(t)th, (2.10)

where R is the resistance of the conductor, i(t) is the current flowing in the conductor
and T the duration of the current impulse. For an adiabatic process the temperature
increase of a conductor can be calculated as

1 Wap
Al = — R —1 2.11

where A6 is the temperature increase of the conductor, « the resistance temperature
coefficient, % the energy of the impulse divided by the resistance, p the conductor
resistiviy at ambient temperature, q the cross section area , 7 the density and Cy,
the thermal capacity [3]. The parameter values for copper is shown in Table 2.1.

Table 2.1: Material parameters for copper used in equation 2.11 [3].

Parameter Copper

o 3.92:1073% K1
P 17.8107 Om
y 8920 kg/m?
Cw 385 J/kgK

The rated short circuit temperature of PE insulation is 130 °C and 250 °C for XLPE
insulation [17].

2.2.5 Mitigation methods

There are multiple methods used to mitigate cable disturbances during a lightning
strike. Adding parallel conductors close to the cable, such as Parallel Earthing
Conductor (PEC) and cable ladders, connected to the grounding grid at multiple
points is one method commonly used. Having a grounded conductor close to a ca-
ble will provide another path for the lightning current to flow, reducing the screen
current [13]. The mutual inductance between the added conductor and screen will
further reduce the screen current. The same effect can be achieved by having cables
routed close to each other, as this increases the mutual inductance between the cable
screens.

10



2. Cable disturbances during lightning

Another mitigation method is to move the connection point between the mast and
the grounding grid away from cable grounding points. This would reduce the GPD
between cable grounding points which reduces the screen current. However, as the
conductor length between the top of the mast and the connection point increase, so
does the inductance which increases the GPR of the mast during a lightning strike.

11
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3

Lightning characteristics

Lightning is the result of charge formation in clouds and can occur within clouds
or from Cloud to Ground (CG) where lightning within clouds is the most common
and account for approximately 75 % of all lightning [20]. Since only CG lightning
is associated with substation disturbances, this type of lightning is considered in
lightning protection systems. There are four different types of CG lightning [4]:

e Positive upward flashes

o Negative upward flashes

o Positive downward flashes

o Negative downward flashes
Upward flashes are initiated from ground, going up to the charged cloud and down-
ward flashes are initiated from the cloud, striking downwards to the ground. Upward
flashes are most common for tall structures (above 60-100 m) and generally does
not occur in substation [7], [20]. Thus only positive and negative downward flashes
are considered in substation lightning protection. The polarity of the flash refers
to the polarity of the cloud. Meaning a lightning current going towards the cloud
for negative downward flashes and towards ground for positive downward flashes.
Approximately 10 % or less of all downward flashes are positive and the remaining

90 % negative [7], [21].
The lightning current pulse shape varies greatly between each individual flash. But

for lightning impulses, which generally have a duration shorter than 2 ms, the pulse
shape can be approximated according to Figure 3.1

90% 4../ \H\ .,

T2

IEC 2616/10

Figure 3.1: Lightning current impulse shape and parameters [3].!

Where T; is the front time, Ty the time to half, I the peak current and O; the
virtual origin. IEC recommends the use of the Heidler function to approximate the

TEC 62305-1 ed.2.0 “Copyright © 2010 IEC Geneva, Switzerland. www.iec.ch”
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3. Lightning characteristics

lightning current pulse shape according to

1) = miliﬁ&)ne—t/w, (3.1)

where [,,, is the peak current, 7y and 7, time constants associated with the rise and
fall time of the impulse, n a constant to adjust the amplitude and n a constant set
to 10 [3].

The main reason behind cable disturbance is the current steepness (%) and thus
the Lightning parameters of interest are peak current and front time [3]. The peak
current can be approximated to have a log normal cumulative distribution. The
statistical distributions (probability that the peak current of a lightning strike will
exceed a certain current) of the negative downward lightning peak current is show

in Figure 3.2.

100 ———
S
By 1 E . -
= ‘ ~_
I ~
S 01¢ ~_ .
b F ~
oy

0.01 ¢ T

| | |
0 50 100 150 200

Peak Current [kA]

Figure 3.2: Log normal cumulative distribution function (probability that the peak
current exceeds a given current) using $=0.484 and a mean current of 31.1 kA.

Positive downward flashes generally have a higher peak current compared to negative
flashes, but negative downward flashes has a shorter front time [4]. Subsequent
negative strokes have the lowest peak current but the shortest front time and thus
the highest frequency content. Positive following strokes are uncommon and only
account for about 10 % of all positive lightning. This implies that there is a limited
amount of data on the characteristic of positive following strokes [7]. The suggested
median values for the peak currents and front times are shown in Table 3.1
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3. Lightning characteristics

Table 3.1: Median peak current and front time for different lightning types [4].

Lightning type L, [kKA] Ty [us]
Negative first stroke 30 5.5
Negative subsequent stroke 12 1.1
Positive first stroke 35 22

The peak current and front time has a low correlation [20]. In [4] it was determined
that the correlation coefficient is 0.36 and thus the two parameters can be seen as
independent for engineering applications. In [3] it is recommended to use a front
time of 1ps for analysis of negative first strokes, which is considerably lower than
the median value. This is probably recommended so that tests are done for the
worst case scenario with a short front time and high (%). As the time to half is
not of great importance to the front steepness, its value is of less importance for the
voltage disturbance but it can be important when considering temperature rise of
conductors, 200 ps is recommended for analysis [3].

3.1 Lightning strikes to grounded structures

3.1.1 Ground flash density

The ground flash density (number of cloud to ground lightning strikes per unit time-
area) varies greatly across the globe. Generally it is higher close to the equator and
lower close to the poles. The ground flash density can be approximated according
to

N, =0.04 T, (3.2)

where T, is the number of thunderstorm days/year [7]. T, tend to be below 10
days/year in northern Europe and can reach values above 30 days/year in southern
Europe. In certain regions near the equator, T; has been measured to above 200
days/year [22]. Some locations also measure the ground flash density directly by
documenting all lightning strikes. In the US for example, the maximum ground flash
density was measured to over 12 flashes/km?/year in 2018 [23].

3.1.2 Rolling sphere method

The rolling sphere method can be used to approximate the protection zone in the
proximity of a lightning mast. It is based on the electrogeometric model, which
assumes that the formation of the flash will propagate in steps, called step leaders.
The length of the last stepped leader is known as the striking distance can be
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3. Lightning characteristics

approximated according to
S =107%%, (3.3)

where S is the striking distance and I, the striking current [22]. Equation 3.3 implies
that a lower striking current will have a shorter striking distance. If a lightning strike
appears within a distance shorter than or equal to S, it will be attracted to the mast
and strike it. However, if the striking distance is greater than the mast height, the
attractive radius of the mast will be reduced which can be seen in Figure 3.3.

(a) (b)

Figure 3.3: The attractive radius of a mast when striking distance is smaller than
the mast height (a) and larger than the mast height (b).

Thus the attractive radius of a mast is dependant on the mast height and lightning
current and can be calculated as

(3.4)

L[S £SO <h
Ra@—{ 25(i)h — b2 if  S(i) > h,

where h is the mast height. The number of lightning strikes per year to a mast with
no tall structures nearby can be calculated as

Ny = NyAoss, (3.5)

where A.ss is the effective attractive area of the mast [22]. In a substation there
will obviously be other structures and masts near by, but this approximation can be
done to simplify the analysis and obtain a slight over approximation of the number
of stikes to a mast. The rolling sphere method can be used to calculate the attractive
area. The attractive area is dependent on the current, implying that an effective
area is needed which takes into account the probability of each lightning current.
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3. Lightning characteristics

With the rolling sphere method, the attractive area can be calculated as

710043 it S(i) < h,

3.6
m(2-10i%65h — h?) if S(i) > h. (3.6)

A(i) = R, (i)* = {

The effective area can be calculated by integrating the probability density function
of the current, p(i), times the attractive area as

Ay = [ Pl AG)di, (3.7)

ig

where iy can be chosen to zero if all lightning strikes are considered or to the low-
est current that cause damage if only the number of damaging strikes are to be
calculated. The probability density function can be obtained as

pli) = e 3:8)

where

_ In(i) — Mean(In(i))
5 — 3 _ (3.9)

3 is the logarithmic standard deviation of the current and Mean(In(i)) is the mean
value of In(i). These values can be found in [20] for negative downward flashes,
$=0.484 and Mean(In(i))=In(31.1). By using the trapz function in matlab, the
integral of the effective area can be calculated and then using equation 3.5, the
number of strikes per year to a mast can be calculated. The time in between strikes
to a mast can be calculated as

Y =—. 3.10
T (3.10)

The time between strikes, assuming Ty=10 days/year, for different mast heights is
shown in Table 3.2
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3. Lightning characteristics

Table 3.2: Time between strikes to a grounded mast, using Ty=10 days/year, for
different mast heights.

Mast height [m] Time between strikes [yr]

10 250.8
15 172.0
20 132.9
25 109.5
30 94.2
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4

Station grounding system and
cable simulation setup

The simulation tool HIFREQ was used to investigate the disturbances induced to
cables during a lightning strike to an HVDC station. Firstly a simplified cable
was examined to investigate environmental factors and mitigation methods. An
equivalent circuit of the cable was simulated using Simulink to verify the under
lying effect of the cable disturbances. After this, more detailed cables were included
in the HIFREQ simulation to investigate the magnitude of the disturbance for a
model of a station. The cable types that were included are:

1. Power cable.

2. Signal cable.

3. Current transformer (CT) cable.

4. Lighting cable.
The heating of cables subjected to high lightning currents was also be investigated.
Lastly, a risk analysis was conducted to investigate how often faults due to lightning
striking the simulated mast can be expected.

4.1 CDEGS simulation tools

Current Distribution, Electromagnetic Interference, Grounding and Soil Structure
Analysis, Earthing Software (CDEGS) is an electromagnetic computation software
based on the Method of Moments in the frequency domain [24]. It is a powerful
software that is commonly used for grounding studies. HIFREQ is a computational
module of CDEGS which can be used to simulate both above and underground
conductors subjected to high frequency disturbances such as lightning. Both con-
ductive, inductive and capacitive effects between conductors are accounted for in
the simulations [25].

A lightning strike to a network of conductors can be simulated by defining a light-
ning current pulse in the time domain, which is then converted to the frequency
domain using the FFTSES computational module. HIFREQ uses the frequency
domain data to calculate the current distribution in the conductors. The current
distribution is used to calculate the electromagnetic field and potential at selected
point in the surrounding space [25]. The result is then converted back to the time
domain using FFTSES. The software can detect if there are resonant frequencies is
the system and then recommends another run with new frequencies. This process
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4. Station grounding system and cable simulation setup

can be automated using the SESTransient module which reruns the simulation until
there are no more resonant frequencies that has not been included in the HIFREQ
computation. A more detailed description of the HIFREQ computation method can
be found in [26] and [27].

To achieve a reliable result, the conductors are split into segments that are shorter
than A/6 where A is the shortest wavelength in the surrounding medium. The wave-
length in air can be calculated as

. 108
>\air = 3f0a (4]-)

Asoil = 3160\@ : (4.2)

where p is the soil resistivity and f the largest frequency used by FFTSES [28]. As
the FFT assumes that the excitation signal is periodic, the initial value of the station
GPR will not be zero if the duration of the simulation is not long enough to allow
the signal to approach zero. However, using a longer simulation time increases the
computation time if the sampling time is kept constant. Therefore, a simulation
time of 2000 us was used to compromise between computation time and keeping
the final value low. Any deviation from an initial value of zero was removed in post
processing of the result.

and in soil as

4.1.1 Cable route and grounding grid

A grounding grid was constructed in HIFREQ based on blueprints of a VSC-HVDC
station provided by ABB Power Grids, HVDC. The resulting grid, cable trench,
mast and rod of the station is shown in Figure 4.1.

€154m=>
- L/
/ / Trench ; J VGWUHW S
g\ / / ’ / j/; Ca)ﬂe% ¢ Grounaﬁfng point /
\2;\’ / / / y £ /
// /£ /4 7
/ / Mast = ,‘/ —

7
10x10 p grid > ) 7

-
é’@ Grounding point

Rod—>

Figure 4.1: The layout used for the HIFREQ simulations.

Most of the grounding grid consisted of 10x10 m meshes. But certain areas, like
under transformers, reactors and cooling towers, had no grid. The grounding grid
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4. Station grounding system and cable simulation setup

consisted of bare conductors buried in the soil at a depth of 1 m. The cable trench
was located at a depth of 0.5 m with a width of 2 m. The mast and grounding
rod located closest to a cable termination point was included in the model and will
be used as the lightning strike point. The grounding points marked in the figure
indicates the points where the cable screens were grounded. One PEC was placed
on each side of the cable trench in the soil. A PEC and cable ladder was also added
to the trench for the cases where mitigation methods were evaluated. The model of
the cable trench in HIFREQ, with and without mitigation, is shown in Figure 4.2

/ % A AL
! ’ ’ 7
' Parallféab{e >/ / /Cable ladder,
( 7 7 ’

/
Cable> ’ Parallel cable >/~ / &/Cable
. s .
7 7
Ea;
i I

<p

/ Ec ’ 7
& PEC PEC > /€ PEC
( Cabléé:;jnegi ons > /

creen connection to ground—>

PEC >,

(a) (b)

Figure 4.2: Cable trench at the mast termination without mitigation (a) and with
mitigation (b).

Another mitigation method under evaluation was moving the connection point be-
tween the mast and the grounding grid to the other side of the transformer wall.
Which moves the injection point of the lightning current to the grid away from the
cable trench. The effect of having the lightning current flow in a separate cable,
isolated from the mast was also investigated. These two mast configurations are
shown in Figure 4.3.

Mast>
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Isolated cable—> :

i
! &Cable
Mast—2|!

i

i
i
i
i
i
i
i
i
i
i
| 1 ! ’
3 New mast-grid connection point -7
i

(b)
()

Figure 4.3: Mast configuration with an isolated mast (a) and moving the mast-grid
connection point (b).
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4. Station grounding system and cable simulation setup

The lightning mast had a height of 22 m and the grounding rod under the tower ex-
tends to a depth of 10 m. The dimensions of the conductors and material parameters
are shown in Table 4.1.

Table 4.1: Dimensions of conductors and material parameters. Note that p.u is
the per unit resistivity with copper as reference.

Material Resistivity ~Permittivity Permeability Area [mm?|

Grid Copper 1 p.u €0 o 120
PEC Copper 1 p.au €0 140 120
Ladder Steel 17 p.u €0 300- 1o 314
Mast Steel 17 p.u €0 300- 1o 314
Rod Steel 17 p.u €0 300- o 314
Cable core Copper 1 p.u €0 140 -
Cable screen Copper 1 p.u €0 140 -
Insulation PE 102 Q-m 2.3-¢ 140 -
XLPE 10%° Q-m 2.3-¢€ 140 -
Soil - 1500 Qm  4-¢ Lo -
Air - 2101 Q-m ¢ 140 -

The soil parameters were chosen to simulate a very dry soil with high resistivity and
low permitivity which is the worst case for a station placed in a region with soil.
The cable was routed from the control room and terminates next to the lightning
mast. The dimensions and insulation type used for the different cables are presented
in Table 4.2

Table 4.2: Cable dimensions and insulation. The first number in the core area row
refers to the number of core conductors.

Simplified Signal Power CT  Lighting

Core area [mm?] 1-21 14-1.5 416 225 325
Screen area [mm?| 1.5 1.5 16 25 25
Jacket thickness [mm] 1 1 1 1 1
Total diameter [mm| 17 17 22.3 11.3  11.5
Insulation PE PE XLPE PE PE

To include the effects of a cable trench, all cables and conductors located in the
cable trench had a cylindrical air volume surrounding them. The simplified cable
had 5 cm of air between the jacket and the soil. However, it was not possible to have
multiple outer insulation layers for the cables with multiple conductors in HIFREQ
and thus they only had an air layer of 6 cm between the screen and the soil. Other
bare conductors in the trench had 3 cm of air surrounding them. A cross section of
the different cable types, showing the orientation of the inner conductors are shown
in Figure 4.4.
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4. Station grounding system and cable simulation setup
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’ Insulation
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Figure 4.4: Cross section of the simplified signal cable (a), signal cable (b), lighting
cable (c), power cable (d) and CT cable (e).

4.1.2 Lightning impulse wave shape

The Heildler function, described in chapter 3, was used to obtain an impulse shape
shape of 1/200 us as recommended by IEC for negative downward lightning. To get
this waveshape, the constants were set to 77=1.82 us and 75,=285 us. A peak current
of 1 kA was used to obtain a result that can easily be scaled up to any desired peak
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4. Station grounding system and cable simulation setup

4.1.3 Simplified cable

The simplified cable was used to investigate the impact different mitigation methods
and environmental factors. The base case consisted of only one cable and each
change was introduced individually to illustrate its effect. First the effect of changing
environmental parameters, such as soil resistivity and lightning current front time
was looked. Note that the environmental parameters can not be changed for a
given station and they only depend on the location of the station. The effect of
including the frequency dependency of soil resistivity, using equation 2.3a was also
investigated. After this, the effect of the different mitigation methods were looked
at. The cases that will be investigated are summarised as:

Only signal cable.

Decrease soil resistivity to 150 2 m.

Increase soil resistivity to 15000 Q2 m.

Include soil resistivity frequency dependency.

Increase front time to 10 ps.

Add PEC 0.1 m next to cable.

Add cable ladder 0.1 m below cable.

Move mast connection point to other side of transformer wall.

0 NSO W

The results for the simplified cable can be found in section 5.1.

4.1.4 Cables terminating under the mast

The power, signal and CT cable terminated under the mast. The cable screens of
these cables were connected to the grounding grid under the mast, at the control
room wall and inside the control room. The results for the cables terminating under
the mast are shown in section 5.2.

4.1.4.1 Power cable

The power cable was connected to a transformer in the control room in one end.
The other end terminated at the bottom of the mast where it supplied a load. The
circuit schematic of the cable connections is shown in Figure 4.5.

Screen
% Rt Lt Core 1 % LOad %
—\V/\/\ 00 I
Transformer Core 2
—\/\/\, 0000 I
Core 3
—\/\/\,—0000 [
Core 4 (neutral)

Figure 4.5: Equivalent circuit of the power cable connections.
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4. Station grounding system and cable simulation setup

The transformer had a Y connection on the low voltage side and the loads were
assumed to be Y connected as well. The magnetizing inductance of the transformer
and the grid impedance was neglected to simplify the transformer equivalent cir-
cuit. The neutral conductor was grounded (connected to the grounding grid) at the
transformer. Three different load terminations were examined:

1. Motor (HV transformer cooling fan).

2. Heater (resistive heating element).

3. Open circuit (load switched off).
The resistance and inductance of the terminations and transformer is shown in Table
4.3

Table 4.3: Termination inductance and resistance per phase for the power cable.

Resistance [€2/phase] Inductance [H/phase]

Transformer 0.66- 1073 19.4 - 107
Motor 74 0.22
Heater 2.7 -10° -

The transformer and cooling fan were assumed to be a combination of an inductance
in series with a resistance. The heating element was purely resistive.

4.1.4.2 Signal cable

The signal cable used two conductors per signal and had a total of 14 conductors.
In the control room the cable was terminated with a digital measurement card
connected between each pair or inner conductors. The impedance of the card was
assumed to be infinite. The cable was terminated with a digital sensor between each
conductor pair which was also seen as an infinite impedance. The inner conductors
were not grounded. The circuit schematic of the connections for one inner conductor
pair is shown in Figure 4.6

Screen
L — L
o Core 1 o B

Core 2

Figure 4.6: Equivalent circuit of the signal cable connections.

4.1.4.3 CT cable

The CT cable was connected to an analog measurement card at the termination in
the control room. As the card is used to measure current (voltage drop over a small,
known resistance), it was modelled as a short circuit. The termination at the other
end was connected to the CT and as CTs are connected to HV lines in series, the
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4. Station grounding system and cable simulation setup

impedance on the high voltage side was neglected. The CT was instead modelled as
a series combination of the magnetizing inductance and the winding resistance with
values of L=188 H and R=5 (). The neutral conductor was grounded at the mast
termination. The circuit schematic of the cable connections is shown in Figure 4.7

Screen
z m—
B Core 1 B B
R
L
Core 2 (neutral)

Figure 4.7: Equivalent circuit of the CT cable connections.

4.1.5 Mitigation

After the power, signal and CT cable were evaluated, the cable which experience the
highest voltage stress was further simulated with added mitigation methods. This
was done to demonstrate the effectiveness of the mitigation methods of the worst
case and to investigate if the risk of breakdown could be reduced. The mitigation
methods that were evaluated are:

1. PEC.
2. PEC and ladder.

3. PEC, ladder and moving mast-grid connection point.

The effectiveness of the mitigation methods on the cable with the highest voltage
disturbance is shown in section 5.2.4.

4.1.6 Lighting cable

The path of the lighting cable differed from the other cables as it was not terminated
under the mast. Instead it was routed up the mast and terminated 12 meters above
the ground. The screen was also grounded where the cable terminates at the mast,
in addition to the three grounding points used by the other cables. At the control
room, the cable was terminated at the transformer. The other end was terminated
by an LED light which was modelled as an open circuit. The circuit schematic of
the cable connections is shown in Figure 4.8
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Figure 4.8: Equivalent circuit of the lighting cable connections.

The third conductor was used as an internal PEC which is connected to the ground-
ing grid at the two cable terminations. The mitigation methods that were evaluated
for the lighting cable are:

PEC and cable ladder in the cable trench.
PEC on the mast.

Move mast-grid connection point.

Ll

Isolate mast from the lightning current with a separate cable.
5. Enclose the lighting cable in a copper pipe.

A cable with multiple core conductors could not be used with a second screen (cop-
per pipe) in HIFREQ. However, it was possible to add a second screen if only one
core conductor was used. Therefore, the case with a copper pipe used a simplified
lighting cable with one equivalent core conductor, floating at both cable termination
points. The copper pipe had an inner radius of 1 cm and an outer radius of 1.3 cm.

As the lighting cable screen was grounded very close to the mast striking point,
a high current was expected to flow in the screen during the lightning strike. There-
fore, the screen current was also examined and the temperature increase of the cable
was calculated for the different cases. The resulting voltage disturbance for the light-
ing cable can be found in section 5.3. The resulting screen current and temperature
increase is shown in section 5.4.

4.1.7 Risk analysis

The risk analysis was conducted in Matlab using the rolling sphere method described
in section 3.1.2. The lightning current was assumed to be log normal distributed with
a median value of 31.1 kA and logarithmic standard deviation of 0.484. The mini-
mum current that causes damage was obtained from the simulations in HIFREQ. To
account for different geographical regions, three different number of thunderstorm
days/year was investigated: 10, 20 and 30 days/year. These numbers will encap-
sulate the number of thunderstorm days/year typically seen across Europe. Note
that the number of thunderstorm days/year can be significantly higher closer to the
equator.
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4. Station grounding system and cable simulation setup

4.2 Simulink

4.2.1 Equivalent circuit

The result from the simplified signal cable was compared with an equivalent cir-
cuit simulation of the cable to investigate the effect which causes the cable voltage
disturbance. The equivalent cable parameters were calculated according to section
2.2.3. Simulink was used to simulate the equivalent circuit and the screen current
was imported from the case simulated with the simplified signal cable. The cable
was split into the same number of segments used in HIFREQ), each consisted of an
equivalent circuit according to Figure 4.9.

+ -

SN ———

& N

1+

Figure 4.9: One segment of the equivalent circuit used in Simulink.

As frequency dependant parameters could not be used in Simulink, the resistance
was calculated at a single frequency. The front time of the lightning current was 1 us
and therefore the maximum frequency content of the impulse was in the MHz range.
The resistance was calculated at 400 kHz to use a value that was in between the
maximum and lower frequencies. The inductance was calculated using equation 2.8
assuming that all current flows at the edge of the conductor (neglecting the internal
inductance). The comparison between the Simulink and HIFREQ result is shown
in section 5.1.3.

4.3 Comsol

4.3.1 Breakdown voltage of LV cables

An electrostatic 2D Comsol simulation was used to determine the electric field in
the different LV cables. Comsol is based on the finite element method in which the
geometry is split into small segments and differential equations are solved for each
segment. When using the electrostatic physics, charge conservation is applied to the
domain under consideration. This uses Gauss’ law and the gradient of the potential,
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4. Station grounding system and cable simulation setup

V-D=p, —VV =E, (4.3)

to obtain the differential equations used to calculate the electric field for the geome-
try. The cables were constructed according to Figure 4.4 and an extremely fine mash
was used to get an accurate result. All inner conductor boundaries were assigned
the same potential of 1 kV and the screen was grounded. As mentioned in section
2.2.2, the dielectric strength of PE and XLPE insulation is 35-50 kV/mm. To get a
conservative result, the applied potential was scaled to get a maximum electric field
of 30 kV/mm and the scaled potential was seen as the rated impulse voltage of the
cable. The result from the Comsol simulations can be found in section 5.5.
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Simulation results and analysis

5.1 Simplified cable

The highest voltage disturbance of the simplified signal cable appears at the two
cable terminations and is shown in Figure 5.1

40

— Under mast
— Control room
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Figure 5.1: Core to screen voltage disturbance for the simplified signal cable.

The voltage at the two ends are almost identical but of opposite sign and there
are some damped oscillations with a frequency around 1 MHz. For the remaining
simplified signal cases, only the voltage disturbance under the mast will be examined
as the magnitude is similar.

5.1.1 Effect of changing environmental parameters

The environmental parameters that were examined was soil resistivity, frequency
dependency of soil resistivity and lightning current front time. The effect of changing
the soil resistivity on core to screen voltage, GPD between grounding points and

screen current is shown in Figure 5.2
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Figure 5.2: The effect of increasing soil resistivity from 150 Q2m to 15000 {2m on
the screen to core voltage disturbance (a), GPD between grounding points (b) and
screen current (c).

The GPD between grounding points increase as the soil resistivity is increased. The
higher GPD results in a higher screen current as the soil resistivity increase. A
coupling between the screen current and screen to core voltage can be observed as
the screen to core voltage also increase with increasing soil resistivity. The effect of
including frequency dependency of the soil resistivity and increasing the front time
of the lightning current is shown in Figure 5.3

Including the frequency dependency of soil resistivity decreases the GPD between
the grounding points as the resistivity is lower for the higher frequencies and more
current will flow in the soil instead of the grounding grid. Similarly, when decreasing
the front time results in a lower GPD as the frequency content of the lightning
impulse is lower and thus also the impedance of the grounding grid. The lower GPD
implies a lower screen current and also a lower screen to core voltage disturbance.
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Figure 5.3: The effect of including the frequency dependency of soil resistivity and
increasing the lightning current front time on the screen to core voltage disturbance
(a), GPD between grounding points (b) and screen current (c).

5.1.2 Evaluation of mitigation methods

The mitigation methods were evaluated one by one to see the individual effects of
each mitigation method. The voltage disturbance when adding a PEC, cable ladder
and moving the connection point between the mast and the grounding grid to the
other side of the wall is shown in Figure 5.4.

Both the PEC and cable ladder decrease the voltage disturbance. The PEC seem to
be more effective and it reduces the voltage from 35 V to 18 V. Moving the injection
point reduces the peak voltage disturbance to 20 V.

5.1.3 Equivalent circuit evaluation

A comparison between the signal cable base case and the simulated circuit voltage
disturbance can be seen in Figure 5.5.
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Figure 5.4: Core to screen voltage disturbance at the termination under the mast
for the simplified signal cable, with PEC and with cable ladder (a) and when moving

the injection point (b).
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Figure 5.5: Core to screen voltage disturbance at the termination under the mast
for the simplified signal cable and the disturbance obtained from the equivalent

circuit simulation in Simulink.

The magnitude of the oscillation is much higher in the Simulink simulations and
there seem to be less damping. But the frequency of the oscillation and wave shape
is similar. The reason for the lower damping (and higher magnitude) might be
that Simulink can not account for the increase in resistance for the high frequency
oscillations caused by the skin effect. Having a higher resistance for the high fre-
quency oscillations would cause the magnitude to decrease as can be observed in the
HIFREQ simulations. However, from the Simulink simulations it can be seen that
the voltage disturbance seen in HIFREQ can be reproduced by using the screen cur-
rent and an equivalent circuit of the cable. Indicating that screen current to voltage
coupling is the mechanism behind the voltage disturbance.
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5. Simulation results and analysis

5.2 Cables terminating under mast

5.2.1 Power cable

The power cable was simulated with three different types of loads. The neutral
conductor at the termination point under the mast was found to experience the
highest voltage disturbance in all cases. The resulting voltage disturbance at the
termination point under the mast, between the neutral conductor and screen for the
respective loads is shown in Figure 5.6.
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Figure 5.6: Core to screen voltage disturbance for the power cable with different
load terminations.

The case with resistive termination experiences the highest voltage peak with a
value of -15 V. Some damped oscillations with a frequency of about 200 kHz can be
observed in all cases.

5.2.2 Signal cable

For the signal cable, the highest voltage disturbance between the core conductors
and the screen was found at the cable termination in the control room. The voltage
disturbance for the three different core conductor layers is shown in Figure 5.7.

The voltage disturbance at the two ends is almost identical but of opposite sign
with a peak value of 40 V. For the inner and middle layer the disturbance is slightly
increased. For all layers some damped oscillations can be observed with a frequency
of approximately 1 MHz.
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Figure 5.7: Core to screen voltage disturbance for the 3 different conductor layers
of the signal cable.

5.2.3 CT cable

The highest voltage disturbance between the core conductors and the screen occurred
at the termination under the mast for the CT cable. The voltage disturbance is
shown in Figure 5.8.
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Figure 5.8: Core to screen voltage disturbance for the CT cable.

The peak disturbance is about 83 V and damped oscillations of multiple frequencies
are observed.
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5.2.4 Worst case mitigation

The peak magnitude of the voltage disturbance per kA of lightning current for the
cables terminating under the mast is shown in Figure 5.9
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Figure 5.9: Peak voltage disturbance per kA of injected current for the cases
without mitigation.

The CT cable experiences the highest voltage disturbance and thus it will be used
to investigate the effectiveness of the mitigation methods. The voltage disturbance
between the core and screen when adding a PEC, PEC and cable ladder and when
moving the connection between the mast and the grounding grid as well is shown in

Figure 5.10
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Figure 5.10: Core to screen voltage disturbance for the CT cable when adding

mitigation.
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The voltage disturbance is reduced from a peak value of 83 V to 23 V when adding
a PEC. Using a PEC and cable ladder further reduces the peak disturbance to 18
V and also moving the injection point results in a peak of 14 V.

5.3 Lighting cable

The voltage disturbance to the lighting cable was the highest at the grounding
point on the mast. The voltage disturbance when having the lightning current flow
through the mast and when it flows in a separate insulated cable is shown in Figure
5.11.
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Figure 5.11: Core to screen voltage for the lighting cable with different mast
configuration.

Having the lightning current flow the mast results in a peak voltage disturbance of
67 V. Having the lightning current flow in a separate insulated cable increases the
disturbance to 75 V.

5.3.1 Lighting cable mitigation

The mitigation methods investigated for the lighting cable were:
1. Adding a PEC and cable ladder on the under ground part of the cable (Current
in mast).
2. Moving the injection point (Current in mast).
3. Adding a PEC on the mast (with current in separate isolated cable).
4. Adding a copper pipe to the cable (simplified lighting cable with current in
separate isolated cable).
It was not possible to add an extra screen to a cable with multiple inner conduc-
tors in HIFREQ. In this case, the lighting cable was instead simulated with with
one equivalent core conductor (floating in both ends). The core to screen voltage
disturbance for the different mitigation methods is shown in Figure 5.12.
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Figure 5.12: Core to screen voltage for the lighting cable (a) and simplified lighting
cable (b) when adding mitigation.

Adding a PEC and cable ladder in the ground does not affect the voltage disturbance
at the top of the mast. Moving the injection point increases oscillations in the
disturbance, however the peak is not affected significantly. Having a PEC next to
the part of the cable that goes up the mast reduces the disturbance from 75 V to
25 V. The copper pipe mitigates the induced voltage disturbance to below 5 V.

5.4 Overheating of cable screens

The lighting cable had the highest current flowing in the screen as it was grounded
both at the middle and bottom of the mast. The screen current for the base case

and the effect of adding mitigation methods is shown in in Figure 5.13
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Figure 5.13: Screen current in the lighting cable when adding mitigation methods
with lightning current in the mast (a) and in a separate cable (b). Note that there
is a difference in y-axis scaling between (a) and (b).
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The screen current is the the highest for the case with the injection point moved
to the other side of the transformer wall. This is expected as the inductance of
the mast is increased. The case with regular mast termination also result in a high
screen current of about 600 A peak. Having the lightning current flow in a separate
cable isolated form the mast significantly decreases the screen current disturbance
to a peak of around 100 A. Adding a PEC further mitigates the lightning current
and the pipe reduces it to only a few amps. The lighting cable was insulated with
PE, being able to withstand a temperature of 130 °C for short a duration [17]. If
an operating temperature of 50 °C is assumed, the temperature increase during a
lightning strike should not exceed 80 °C. The temperature increase of the cable
screens for a 100 kA stroke and the current needed to get a temperature increase
of 80 °C were calculated using equation 2.11. The result for the different cases is
shown in Table 5.1.

Table 5.1: Temperature increase of the cable screen for a lightning strike of 100
kA and the current to get a temperature increase of 80 °C for different mast config-
urations.

Case A6 [°C] at 100 kA I to get AG=80 °C [kA]
Current in mast 766 44.35

Moving injection point 786 44.04

Current in separate cable 1.25 -

Strike to separate cable and pipe 0.006 -

Separate cable and PEC 2.28 -

Strike to mast and PEC 81.3 99.29

Strike to mast and pipe 0.033 -

The cases having the lightning current flow in a separate isolated cable will not result
in a significant increase in the lighting cable temperature. The same can be observed
when adding a copper pipe as the temperature increase is minimal. However, all
cases having the lightning current in the mast and not using a pipe will result in a
high screen current and temperature increase.

5.5 Rated impulse voltage of LV cables

The voltage between the screen and core needed to get a maximum electric field of
30 kV/mm (seen as the rated cable impulse voltage) for the different cables is shown
in Table 5.2.

Table 5.2: Core to screen voltage needed to get a maximum electric field of 30
kV/mm.

Cable Rated voltage [kV]

Power 54
Signal 43
CT 33

Lighting 27
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The calculated rated impulse voltage is significantly higher than the rated continuous
voltage specified in the cable data sheets. This could be since cable manufactures
want to keep a safety margin and take into account that cable ageing might affect
the characteristics of the insulation material.

5.6 Risk analysis

From section 5.2 and 5.3 it can be concluded that the highest voltage disturbance
per kA of lightning current was below 90 V. As the rated impulse voltage was calcu-
lated to above 25 kV for all cables, the lightning current needed to get a cable fault
cause by a voltage disturbance would be above 270 kA. The risk of this is very low
and according to the risk calculation model there would be millions of years between
lightning strikes of this magnitude, even when considering stations placed in a region
with 30 thunderstorm days/year. Therefore, overvoltages in LV cables does not need
to be considered when doing lightning risk calculations and having the cables close to
the lightning mast does not result in a disturbance high enough to damage the cable.

The risk of overheating the cable screen is the only risk and it can be solved by
using mitigation methods. The result in section 5.4 shows that the temperature
increase for the cases having an isolated mast or a copper pipe surrounding the ca-
ble gives negligible temperature increases. Only the cases with lightning current in
the mast result in a screen current that can potentially damage the cable and only
these cases were considered in the risk calculations. The number of years between
strikes to the mast exceeding the currents specified in the third column of Table 5.1
is shown in Table 5.3 for different number of thunderstorm days/year.

Table 5.3: Time between strikes that will cause a fault for different cases.

Case Thunderstorm days/year Time between faults [yr]
No mitigation 10 348
20 146
30 88
PEC on mast 10 6125
20 2575
30 1551
Moving mast connection 10 342
20 144
30 87

Moving the mast-grid connection point slightly decreases the time between faults
and adding a PEC to the mast significantly increases it. However, by using a copper
pipe or isolating the mast, the risk can be removed completely.
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5. Simulation results and analysis

5.7 Reliability of result for high currents

As discussed in section 2.1.1, soil can become ionised when subjected to an electric
field above approximately 300-400 kV/m. This would increase the conductivity of
the soil drastically and thus lower the cable disturbance. The magnitude of the
electric field at the mast-grid connection point (where the highest electric field can
be expected) is shown in Figure 5.14
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Figure 5.14: Electric field at the mast-grid connection point.
The maximum electric field is about 10 kV/m for 1 kA of lightning current, implying
that soil ionisation can be expected at 30 kA if the lower range of the soil ionisation

limit is used. As soil ionisation is not included in the simulations, the result will be
more conservative at a current above 30 kA.
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Conclusion

This thesis has investigated disturbances to different types of LV cables routed close
to a lightning mast in a HVDC station. The cause and magnitude of the disturbance
has been evaluated and mitigation methods have been tested using the HIFREQ sim-
ulation tool in CDEGS. A risk evaluation based on the rolling sphere method has
also been conducted to evaluate the risk of a fault due to a strike to the examined
mast.

It was shown that the reason for the disturbance to LV cables is the high GPD
between cable screen grounding points created during a lightning strike when one
grounding point is close to the mast. The GPD causes a current disturbance in the
screen which is coupled to a core to screen voltage disturbance. The coupling mech-
anism is both capacitive, through the cable capacitance, and inductive through the
mutual inductance between the screen and core. If the core and screen is connected
through a load there is also a conductive coupling. The inductive and capacitive
coupling could be reproduced using an equivalent circuit of the cable in Simulink.

The effect of changing environmental parameter and adding mitigation methods
can be summarised as:
o Environmental factors
— Increasing the soil resistivity increases the disturbance.
— Including the frequency dependency of soil resistivity decreases the dis-
turbance.
— Increasing the lightning current front time decreases the disturbance.
o Mitigation methods
— Adding a PEC and cable ladder under ground reduces the disturbance
for all cables except for the lighting cable.
— Moving the mast-grid connection point reduces the cable disturbance for
all cables except the lighting cable.
— Isolating the mast from the lightning current increases the lighting cable
disturbance slightly.
— Adding a PEC on the mast reduces the lighting cable disturbance.
— Adding a copper pipe surrounding the lighting cable reduces the distur-
bance.
The risk analysis showed that the risk of lightning causing overvoltages in LV cables
that result in damage is minimal and can be neglected. However, the main problem
identified during a lightning strike was the heating of the lighting cable screen. It
was shown that having an isolated mast or surrounding the lighting cable with a

43



6. Conclusion

copper pipe were the most viable options as this reduces the cable screen temperature
increase to an insignificant number.

6.1 Further work

Some points that could be investigated to further build on the result are:

o Impact of including adjacent equipment on the number of strikes to the mast.

o Investigate the voltage and current ratings of the equipment connected to the
different cables. This might have an impact the risk analysis.

e Some further mitigation methods that could be investigated for the lighting
cable is to increase the screen area and use a XLPE insulated cable to increase
the rated short circuit temperature.

o Investigate the impact of using other screen grounding methods, such as only
grounding one end of the cable screen.
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