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Chapter 1

Introduction

Work is love made visible. And if
you cannot work with love but
only with distaste, it is better
that you should leave your work
and sit at the gate of the temple
and take alms of those who work
with joy.

Khalil Gibran, On Work

I have been studying electrical insulation technology, especially the ageing and
non-destructive testing of electrical insulations and the interaction between elec-
tric, magnetic and electromagnetic fields and the human body since 2001, when I
started to work for High Voltage Engineering and Equipment Group under professor
István Berta’s leadership. This work is intended to introduce a part of my research
activities on these fields since gaining my PhD in 2011.

Hence, this thesis work can be divided into two main parts: Chapter 2 and
Chapter 3 deal with dielectric testing of electrical insulations by return voltages,
while Chapter 4 details the interaction between the lightning current flowing in the
down conductor and the human body. However, the characterisation of dielectric
materials and the interaction of living organs with electromagnetic fields seem dif-
ferent scientific fields, during the studying of the latter, the biological materials are
usually treated as a lossy dielectric in electric field (Mátay & Zombory, 2000).

The dielectric response can be investigated in frequency and time domain, as
well. In frequency domain, it can be measured by the application of sinusoid volt-
age on the dielectric and the complex dielectric constant is determined from the
amplitude and the phase of the current flowing through the sample. In time do-
main, a step voltage is applied on the sample and the current responses, namely the
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6 CHAPTER 1. INTRODUCTION

polarization and depolarization currents, are measured (Helgeson & Gafvert, 1998).
In case of linear dielectric, the results of frequency and time domain measurements
are theoretically equivalent (Jonscher, 2008).

The measurement of the voltage response (VR) of a charged insulation can be
also used to characterize insulating materials (Németh, 1971), however this method
was developed for insulation diagnostic of high voltage apparatus (Németh, 1999;
Oyegoke, Hyvonen, Aro, & Gao, 2003). The initial technique can characterize the
dielectric processes by only two figures (the slope of decay and return voltages) but
by the systematic changing of discharging times after a longer charging period, the
parts of the polarization spectrum can be investigated more precisely (Z. Á. Tamus,
Csábi, & Csányi, 2015). This new measurement is called extended voltage response
(EVR) method.

Chapter 2 introduces the new scientific results based on the application of EVR
measurement, how the discrete linear circuit model of an insulation can be deter-
mined by the results of this measurement. The discrete circuit models can reveal
the essential dielectric polarisation processes of an insulation. This approach help to
understand the effect of ageing processes on the dielectric properties of insulations.

The temperature dependence of results of insulation testing methods, namely
insulation resistance and tan δ, is well-known. Therefore the standards (IEEE Std.
43, 2014; MSZ 13207-2000, 2000) and guidelines of cable manufacturers (Nexans,
2010) contain correction factors to normalize results to a standardised temperature
although these factors cannot be used for all cases. The background is that in
general, the insulation measurement methods measure the resultant of leakage and
absorption currents and these components cannot be separated although different
electrical phenomena of the material stand in the background. The leakage cur-
rent is proportional to the conductivity, while the absorption current is due to the
polarisation processes. Both VR and EVR techniques can examine these processes
separately, therefore the temperature dependence of these properties can be studied
by them. In Chapter 3, the EVR method is used on new and thermally aged PVC
insulated low voltage cables and the temperature dependence of the conductive
and polarisation processes were investigated. The results proposed the revision of
standardised correction factors of insulation resistance measurement.

Chapter 4 introduces a potential lightning injury brought about by the lightning
protection system (Z. Á. Tamus, Novák, Szabó, Kiss, & Berta, 2010). That system,
which is erected to protect structures from the destruction and prevent persons from
injuries inside the buildings by interception of lightning strike and safety conduction
of the lightning current into the ground (Horváth, 1991). In case of lightning
strike in air termination, fast current impulses generate time-varying magnetic fields
around the down conductor and if the gradient of these fields is high enough the
excitable tissues of human body are stimulated. The probability of the dangerous
health effects depends on the properties of time-varying magnetic field, electrical
properties of the human body and the stimulation characteristic of excitable cells.
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In Chapter 4, the generated field around the down conductor and some excitation
models were investigated. The probability of life threaten effect, namely cardiac
stimulation was estimated. The findings underline the proper configuration of down
conductor and the necessity to prescribe minimal distances from the down conductor
in standards.
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Chapter 2

Dielectric response by the
measurement of return
voltages

When testing an insulation,
we have to know
how to put questions to it and
how to interpret its answers

Endre Németh

The insulation diagnostic methods based on the measurement of return voltage
were introduced in the ’60. By these measurements the slow dielectric polarisation
processes, which have high time constants (higher than 1 s) can be investigated.
Mostly, these polarisation processes are related to the ageing of oil-paper insulations.
Form this idea, two insulation diagnostic method have been developed, namely the
Return Voltage Measurement (RVM) and the Voltage Response Method (VR). The
first technique is widely used to determine the moisture content of the transformer
insulation, while the second one have been successfully introduced for condition
monitoring of oil-paper and PVC insulated cables. In this chapter, the improvement
of the VR measurement method and some newest application of this improved
method are introduced.
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10 CHAPTER 2. DIELECTRIC RESPONSE BY THE MEASUREMENT...

2.1 The extended voltage response method

The voltage response method measures the decay and return voltages on a charged
dielectric. The timing diagram and arrangement of the measurement can be seen
in Fig. 2.1 and 2.2, respectively.

Figure 2.1: The timing diagram of voltage response measurement

Figure 2.2: The test arrangement of VR measurement (Z. Á. Tamus, Csábi, &
Csányi, 2015)

The decay voltage (Vd(t)) can be measured after the relatively long (tch =
100 − 1000 s) charging period of an insulation, while the return voltage (Vr(t))
appears after a few seconds shorting (tdch) of the charged arrangement. The initial
slope of the decay voltage (Sd) is directly proportional to the specific conductivity
(γ) of the material and the slope of the return voltage (Sr) is directly proportional
to the polarisation conductivity (β) of slow polarisation processes having time con-
stant higher than the discharging time (tdch) (Németh, 1971). These two figures
(Sd, Sr) are successfully used for condition monitoring of the insulation of electric
power equipment and cables (Németh, 1999; Z. Á. Tamus & Berta, 2009; Z. Á.
Tamus & Németh, 2010), however the weakness of this method is that the whole
polarisation spectrum of the insulating material is characterised by only one number
(Sr), whereas the distribution of elementary polarisation processes by time constant
is not uniform.
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The different ranges of the polarisation spectrum can be investigated by the
changing of charging and discharging times. In the extended voltage response (EVR)
method, a long charging time (tch) is applied on a dielectric and n discharging pro-
cesses with different times (tdchn) follow the charging process and slopes of return
voltages are measured (Fig. 2.3). This technique enables to characterise the polar-
isation processes not only one number, but an array of numbers namely, the slopes
of the return voltages as a function of discharging times (Sr(tch, tdchn)).

Figure 2.3: The timing diagram of extended voltage response (EVR) method. The
dielectrics are characterised by the array of Sr(tch, tdchn) values.

The relationship between the variation of charging-discharging times of return
voltage measurement and the peaks of return voltages has been published elsewhere
(Ghourab & Németh, 1992), however the usage for characterisation of dielectric
materials by the slopes of return voltages has been introduced in (Z. Á. Tamus,
Csábi, & Csányi, 2015).

2.2 Modelling of insulations from the results of
EVR measurement

The aim of the modelling is to determine the parameters of extended Debye model
(Fig. 2.4) from the results of the extended voltage response measurement. In this
model C0 represents the capacitance of the electrode arrangement without the in-
sulating material. R0 is the d.c. resistivity of the insulation and the Rpi − Cpi

branches (Debye elements) represent the elementary polarisation processes of the
insulation. The elementary processes can be characterized by their time constants
τpi = RpiCpi and intensities, namely the polarisability (αpi = Cpi/C0).

The relation between the equivalent circuit of an insulation (Figure 2.4.) and
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the parameters provided by the voltage response measurement can be expressed:

Sd =
Vch
τ0
, (2.1)

where τ0 = R0C0. The initial slope of return voltage (Sr) can be expressed
as the sum of the gradients of return voltages generated by Debye (elementary
polarisation) processes:

Sr =

n∑
i=1

VCpi
τri

, (2.2)

where VCpi is the remaining voltage of a Cpi capacitor in a Debye element after
charging and discharging of the insulation and τri = RriC0. The relation between
the extended Debye circuit and the material properties can be expressed by the
susceptibility

χ =

n∑
i=1

Cpi

C0
, (2.3)

which represents the intensity of polarisation process in the material (χ = (εr −
1)) at zero frequency hence εr is the static dielectric constant.

As (2.1) shows the d.c. resistance of the insulation can be calculated from
the slope of the decay voltage if the C0 is known. Notwithstanding the C0 is the
capacitance of the electrode arrangement without any dielectric material (vacuum
capacitance), in this model the C0 contains the capacitance increment due to the fast
polarisation processes i.e. the C0 the capacitance measured at 50 Hz. Calculation
of slopes of return voltages are based on the (2.2). The voltage after tch charging
and tdchn discharging times in a given Cpi can be calculated by the multiplication
of simple exponential formulas

Vcpi = Vch(1 − e
−tch
τri )e

−tdchn
τri . (2.4)

Figure 2.4: Equivalent circuit of an insulation
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From (2.2) and (2.4) the slope of return voltage can be expressed after a tch
charging and tdchn discharging times:

Sr(tch, tdchn) = Vch

n∑
i=1

(1 − e
−tch
τri )e

−tdchn
τri

τri
. (2.5)

If the equivalent circuit of an insulations is known, by the (2.5) the slopes of
return voltages can be calculated. Nevertheless the main problem of dielectric
testing of insulations is the understanding of relation between dielectric properties
and the deterioration of insulating materials namely, to reveal the most significant
polarisation processes to ageing. Therefore the main purpose is that to determine
the equivalent circuit of an insulation from the results of a dielectric measurement
rather than to calculate the voltage response of a known insulation model.

The equivalent circuit can be determined as the result of an optimisation prob-
lem. The target function is the minimisation of the difference between the the mea-
sured slopes of return voltages (S∗

r (tch, tdchn)) and the calculated ones (Sr(tch, tdchn)).

2.3 Spectrum-like solution

In the calculations the investigated time constant range of polarisation spectrum
was 0.1...10000 s and each decade was divided into 10 discrete processes therefore
the investigated spectrum was modeled by 50 Debye elements. The distribution of
the time constants was chosen to uniform in logarithmic time constant scale. The
intensities of the processes were calculated by simple iteration using least square
method, which minimises the summed squares of residuals (SSR). The residuals
were calculated as the difference between the measured and calculated slopes of
return voltages (S∗

r (tch, tdchn − Src(tch, tdchn).

The method was tested on PVC insulated low voltage cables in new and aged
conditions. Measurements were executed on three specimens, which were prepared
from low voltage PVC insulated cable with three cores. To investigate the ageing on
dielectric properties of the PVC insulation, a 900-hour-long thermal ageing process
was carried out on the samples. The temperature of the ageing was 110◦C. Voltage
response measurements were carried out before and after ageing on all cores of the
samples at 30◦C. The samples were measured by EVR method using 1000V charg-
ing voltage and 1000 s charging time. The slope of return voltages were measured
after 1 s, 2 s, 5 s, 10 s, 20 s, 50 s, 100 s, 200 s discharging times. The detailed measure-
ment results have been published elsewhere (Z. Á. Tamus, Csányi, & Tomon, 2015).
From the measurement results, average values were calculated for each core insula-
tions and distributions of the intensities of polarisation processes were determined
from these averages.

The Fig. 2.5 shows the calculated polarisation spectrum of white coloured core
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insulation before ageing, while the results after the thermal ageing measurement
results can be seen in Fig. 2.6.
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Figure 2.5: Distribution of polarisation processes on white colour core insulation
before ageing (SSR = 0.177)
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Figure 2.6: Distribution of polarisation processes on white colour core insulation
after ageing (SSR = 0.600)

Comparing the results of Fig. 2.5 and 2.6 the changing of polarisation spectrum
can be observed. The distribution of the intensities of polarisation processes below
100 s have been rearranged, however their intensities are not so high compared to
C0. The relaxation that time constant had higher than 10 s before ageing, shifted
left on the diagram i.e. its relaxation time have decreased. The intensities of the
other two polarisation processes having time constant above 100 s show minimal
increasing. The most important change is the appearing a new process between
1000 s and 10000 s with very high intensity. Similar results can be observed on the
other cores, them results can be found in (Z. Tamus & Csányi, 2015).
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The most important common point of the results of aged samples is the ap-
pearing of a new polarisation process between the 1000 s and 10000 s time constant
range. The reasons of this phenomenon require more investigation by the increasing
of the measurement number of discharging times to gain more measurement data,
which decreases the error of the approximation. An other useful improvement would
be is the expansion of the discharging times above 200 s providing more detailed
information about the slower polarisation processes.

2.4 Investigation of nano-composite dielectric sam-
ples

The voltage response method also used for characterisation of an epoxy resin MgO
nanodielectric samples (Hornak et al., 2018). The measurements were executed
on three samples. The first sample was a pure epoxy resin. The second sam-
ple contains 1wt% MgO nanofiller, while for the preparation of the third sample,
γ-Glycidyloxypropyltrimethoxysilane (GLYMO) was added for surface functional-
ization of magnesium oxide nanoparticles. The dielectric properties of samples can
be seen in Table 2.1.

Table 2.1: Comparison of selected parameters after surface treatment (after (Hornak
et al., 2018))

Sample tan δ εr ρ Ebd

Pure resin 0.0033 2.95 6.28 × 1012 37 kV/mm
Resin + MgO 0.0041 3.43 5.01 × 1013 42.3 kV/mm

Resin + MgO + GLYMO 0.0036 3.15 7.14 × 1014 43.1 kV/mm

The results show due to the surface treatment the dielectric properties of the
MgO nanocomposite are improved.

However the EVR measurement was also carried out on the samples only the
results of the VR measurement published in (Hornak et al., 2018). This measure-
ment also confirms the lower conductivity and the minimal increment of polarisation
conductivity Table 2.2.

The decreased conductivity is caused by the nanoparticles induce deep potential
wells, which become trapping sites for charge carriers (Takada, Hayase, Tanaka, &
Okamoto, 2008; Tanaka & Imai, 2017). The trap depth is also influenced by the
surface treatment (Chen, Li, & Zhong, 2015).

The EVR measurement enables to investigate the polarisation processes in more
details, therefore this measurement was also executed on the samples. The results
of the measurement are in Fig. 2.7.
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Table 2.2: Results of voltage response measurement on nanodielectric samples (Hor-
nak et al., 2018)

Sample Sd[V/s] Sr[V/s]
Pure resin 5.26 27.69

Resin + MgO 3.20 16.48
Resin + MgO + GLYMO 2.25 15.33
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Figure 2.7: Results of EVR measurements

The figure provides information about the distribution of polarisation processes.
The curve of ’Pure resin’ is on the top. This means the pure resin has highest polar-
isation conductivities in the whole polarisation spectrum. The two nanodielectric
samples have almost the same values after 1 s discharging time (see Table 2.2), but
after 10 s discharging time the curve of the surface treated sample (’MgO+GLYMO’)
is over that of ’MgO’ sample. The shape of the curves suggests the intensities of
polarisation processes at higher time constant range is higher in the case of sample
with treated surface of MgO filler.

The time constant distribution of polarisation processes is also calculated for
each sample. The optimisation algorithm in the first step tries to determine the
equivalent circuit of dielectric with 10 Debye elements. Then the number of R−C
elements is decreased till the error between the measured and calculated slopes of
return voltages does not exceed the measurement uncertainty. This algorithm freely
changes the time constant and the capacitances of Debye elements.

Applying this algorithm on the measurement results of samples, the equivalent
circuits contain only three R− C branches. The results are in Fig. 2.8.

The figure shows the slopes of return voltages of each R − C branches as the
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Figure 2.8: The slope of return voltages of Debye elements as a function of time con-
stants (SSR values are 1.09 (’Pure resin’), 0.47 (’MgO’) and 0.23 (’MgO+GLYMO’).

function of them time constants assuming the dielectric is shorted only once, for
1 s. These values represent the intensities of each polarisation processes (Németh,
1971). Summarising each values of a sample, the result Sr values have to be same
as Sr values in Table 2.2 with acceptable error.

Fig. 2.8 shows the values of ’Pure resin’ are the highest in each decade, therefore
the intensities of slow polarisation processes of this sample are the most intensive.
Both nanocomposite samples have lower values. Since, the space charge or inter-
facial polarisation processes are in this time constant range, lower intensities of
polarisations in nanodielectric samples can be explained by the lower charge carrier
mobility.

Comparing the results of the two nanocomposite samples, the rearrangement
of the distribution of polarisation processes can be observed by adding of coupling
agent to the nanocomposite. In the first decade, the time constants are almost the
same, while the surface treated sample has lower Sr value. In the second decade,
points of both nanosamples are almost overlapped, while in the third decade the time
constant and Sr value are also increased. This also suggests the surface treatment
of nanofiller further decreases the charge carrier mobility.

Beside the characterisation of a dielectric, from the result of EVR measurement
the equivalent circuit of a nanodielectric material can be also determined. The
dielectric behaviour of nanodielecric samples can be modelled by only three Debye
elements. The analysis of the equivalent circuit model can help to understand the
elementary dielectric processes inside the material even such a complex dielectric
as a surface treated nanocomposite.
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2.5 Thesis

The new scientific result of this chapter is summarised in a thesis-group:
The voltage response method was developed to characterise the intensity of po-

larisation processes by only one quantity, namely the slope of return voltage. I have
extended this method by the application of series of discharging after one charging
process. This newly developed method, namely extended voltage response measure-
ment method, measures the slopes of return voltages after every discharging pro-
cesses. The result of the measurement is a set of slopes of return voltages, which
enables to gain more information about the time constant distribution of polarisation
processes of insulations.

(i) By the application of the extended voltage response method on the insulation of
cable samples, I proved that complex insulation structures can be modelled only
few (3-5) Debye elements with acceptable error for engineering application.
(Z. Á. Tamus, Csábi, & Csányi, 2015)

(ii) Investigating of new and thermally aged PVC insulated low voltage cable sam-
ples by extended voltage response method, I have revealed the appearance of
a high intensity polarisation process having time constant between 1000 s and
10000 s due to the thermal ageing.(Z. Tamus & Csányi, 2015)

(iii) Applying the new method on thermoset nanodielectric samples, I have shown
lower intensity of space charge polarisation by addition of MgO nanofiller to
the resin as a result of reduced charge carrier mobility. Therefore this method
is capable for observation of the proper dispersion of nanofiller in a polymer
matrix. (Hornak et al., 2018)



Chapter 3

Investigation of temperature
dependence of dielectric
properties by voltage
response measurement

To see dielectrics as they really
are, and not as we’d like them to
be.

A. K. Jonscher

3.1 Background

The dielectric properties of insulating materials exhibit strong temperature de-
pendence. This fact lessens the reliability of condition monitoring measurements,
therefore several correction factors are suggested in standards and the literature
to normalise the measurement results carried out at different temperatures. If the
measurement parameters (e.g. measurement time in case of insulation resistance
measurement) are not specified strictly, these correction factors can provide false
results. The main problem is that the most general condition monitoring techniques
— the measurement of insulation resistance and tan δ — measure the sum of con-
ducting and displacement currents. Nevertheless, disparate dielectric processes,
conduction and polarisation, stand in the background of these current components.
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20 CHAPTER 3. INVESTIGATION OF TEMPERATURE DEPENDENCE. . .

These dielectric processes are different in nature, therefore they temperature de-
pendence are also different. Hence, the investigation of temperature dependence of
these dielectric processes requires their separated measurement. For this reason,
voltage response method was used to examine temperature dependence of dielectric
processes.

In this chapter, the investigation of temperature dependence of dielectric pro-
cesses is investigated on new and aged low voltage PVC insulated cables.

3.2 Method

The conductive and polarisation processes were investigated by voltage response
measurement because this method enables separated investigation of conductive
and slow polarisation processes, The temperature dependence was also investigated
for decay and return voltages, since the initial slope of decay voltage is directly
proportional to the conductivity of insulating material and the initial slope of return
voltage is proportional to polarisation conductivity (Németh, 1971; Németh, 1999).

The temperature dependence of specific conductivity of polymer insulations fol-
lows the Arrhenius formula:

σ(T ) = σ0 · e−
Eac
RT , (3.1)

where σ(T ) is the conductivity at absolute temperature (T ), σ0 is the conductivity
extrapolated to 0 1/K, Eac the activation energy of conductivity and R is the
universal gas constant.

Similar equation describes the relationship between polarisation conductivity
and temperature:

β(T ) = β0 · e−
Eap
RT , (3.2)

where β(T ) is the conductivity at absolute temperature (T ), β0 is the conductiv-
ity extrapolated to 0 1/K, Eap the activation energy of polarisation conductivity.
Since, the initial slopes of decay and return voltages are directly proportional to
the conductivity and polarisation conductivity, therefore the temperature depen-
dence of these values also follow the Arrhenius formula. The activation energies can
be determined by plotting values on Arrhenius coordinate system (Lewis & Evans,
2011).

3.3 Investigation of thermally aged samples by volt-
age response measurement

The laboratory tests have been carried out on cable specimens were prepared from
service aged low voltage (0.6/1 kV) PVC insulated four-core cables. Four solid
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copper conductors of cable are covered by coloured PVC material core insulations.
Blue, red and black colourants have been mixed in the compound and the cable has
one red, one blue and two black coloured cores. The four insulated cores are covered
by PVC tape belting layer on which steel tape armour is wound. This structure
is coated by PVC jacket. For the examinations three 0.5 m length specimens are
prepared from this cable.

The samples were also used for accelerated ageing test in a complex laboratory
investigation of which results published elsewhere (Z. Á. Tamus & Németh, 2010).
The samples were exposed to thermal stress for 9400 h at 80◦C then to increase the
ageing intensity 3400 h at 100◦C. After thermal ageing voltage response measure-
ments were carried out on three cores (red, blue and one black) of samples at three
different temperatures: 15 ± 1◦C , 24 ± 1◦C and 30 ± 1◦C.

The measured core was connected to the high potential electrode of measuring
equipment, and the other three cores and steel armour were grounded. According to
our experience 1000 V charging voltage, 1000 s charging and 2 s discharging times
were used for measurements.

The calculations have given different values for activation energy for conductivity
and polarisation conductivity. The activation energies for conductivity and polar-
isation conductivity are in 105.4 kJ/mol. . . 133.8 kJ/mol and 32.1 kJ/mol. . . 51.8
kJ/mol ranges, respectively (Z. Á. Tamus & Szedenik, 2013). Similar results can
be found in (Keski-Rahkonen, 2003; Lupu, Giurgea, Baltog, & Gluck, 1974) for d.c.
conductivity of plasticised PVC.

The averaged values are in Table 3.1.

Table 3.1: Average of activation energies of samples.(Z. Á. Tamus & Szedenik,
2013)

Eac[kJ/mol] Eap[kJ/mol]
average deviation average deviation

Red 112.2 4.8 39.8 4.7
Blue 113.9 6.3 39.9 8.5
Black 119.7 10.1 42.7 6.3

Highest values were calculated for black coloured insulation and smallest ones
for red core. The difference between the activation energies for conductivity of red
and black coloured PVC’s are higher than the deviation of results, therefore the
colourant additive has significant effect on the conductivity. But, the difference be-
tween of activation energies of polarisation conductivity is lower than the deviation
hence, the colourant has no remarkable effect on polarisation conductivity.
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3.4 Investigation of new samples by voltage re-
sponse measurement

The cable specimens used during the laboratory tests were prepared from new low
voltage (0.6/1 kV) PVC insulated four-core cables. Four solid aluminum conductors
of cable are covered by core insulations, which are prepared from colored PVC
material. The cable has blue, brown, black and grey colored cores. The four
insulated cores are covered by PVC tape belting layer on which steel tape armor is
wound. This structure is coated by PVC jacket. For the investigation three cables
was used. The length of the specimens was two meters.

Voltage response measurements were carried out on all cores of the samples at
seven different temperatures starting from 70◦C and decreasing the temperature
by 5◦C in each test (70◦C, 65◦C, 60◦C, 55◦C, 50◦C, 45◦C, 40◦C). To investigate
various time constant polarizations more discharging times were used since the
longer discharging time used the slower polarizations analyzed. Hence, 1 s, 2 s, 5 s,
10s, 20 s, 50 s, 100 s, 200 s, 500 s discharging times were chosen. 1000 V charging
voltage and 1000 s charging time was used.

The average activation energies are in Table 3.2 for different coulour insulations.
Similarly to the results of Chapter 3.3 the activation energies for conductivity in
each core were significantly higher than the activation energies for polarization
conductivity. The activation energies for conductivity are in 78.8. . . 100.8 kJ/mol
range. The activation energies for polarization conductivity after 2 seconds of short-
circuiting the insulation are in 13.9. . . 30.8 kJ/mol range. These values are slightly
lower than the ones of aged samples (Chapter 3.3). The return voltages after 1
second of discharging show slightly higher activation energies, the results are in 16.4-
33.1 kJ/mol range. In all cases the highest values were measured in the brown core
while the lowest activation energy for conductivity was measured in blue insulations
and the lowest activation energies for polarizational conductivity was measured in
grey insulations.

Similarly to the results of Chapter 3.3 the activation energies for conductivity
in each core were significantly higher than the activation energies for polarization
conductivity. The activation energies for conductivity are in 78.8. . . 100.8 kJ/mol
range. The activation energies for polarization conductivity after 2 seconds of short-
circuiting the insulation are in 13.9. . . 30.8 kJ/mol range. These values are slightly
lower than the values of aged samples (Chapter 3.3). The return voltages after 1
second of discharging show slightly higher activation energies, the results are in 16.4-
33.1 kJ/mol range. In all cases the highest values were measured in the brown core
while the lowest activation energy for conductivity was measured in blue insulations.
The lowest activation energies for polarizational conductivity was measured in grey
insulations.

Over 100 seconds discharging times the activation energies are negative that
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Table 3.2: Average of activation energies of samples [kJ/mol].(Csányi & Tamus,
2014)

Activation
energies [kJ/mol]

Black Blue Brown Grey

Eac 90.2 84.1 100.8 78.8
Eap1 26.1 16.4 33.2 16.6
Eap2 24.0 13.9 30.8 15.8
Eap5 18.0 14.9 23.9 16.2
Eap10 11.0 17.0 18.0 21.3
Eap20 6.5 20.8 10.1 22.3
Eap50 -4.6 16.0 -5.3 14.0
Eap100 -15.9 3.6 -19.6 -0.6
Eap200 -25.7 -10.3 -27.1 -15.6
Eap500 -30.6 -22.6 -29.9 -28.2

means the temperature dependence of higher time-constant polarization processes
are negative i.e. with increasing temperature the intensity of these polarization
processes is decreased. In this case, probably the polarization spectrum moves
towards the faster time constant polarizations as the temperature increases causing
decreasing intensity of polarization processes in that range.

3.5 Investigation of new and aged samples by ex-
tended voltage response measurement

Previous chapters show the activation energies are depended on the ageing and
other parameters e.g. colourant additives. Therefore it was necessary to repeat the
experiments on same samples before and after ageing to investigate the effect of
thermal ageing on activation energies of insulation.

The laboratory test were carried out in three different low voltage (0.6/1 kV)
cables which were prepared from one three-core cable specimen. Three solid alu-
minium conductors of cable are covered by core insulations, which were prepared
from coloured PVC material. The cables have blue, red and white cores and split
neutral conductors. This structure is coated by a PVC jacket. Each cable speci-
men was two meters long. In order to examine the dielectric properties in various
degradation levels, a 900-hour-long thermal ageing process was carried out. The
temperature of the ageing process was 110◦C. Voltage response measurements
were carried out before and after ageing on all cores of the samples at five different
temperatures starting from 70◦C and decreasing the temperature by 10◦C in each
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test (70◦C, 60◦C, 50◦C, 40◦C, 30◦C).
The dielectric properties were investigated by extended voltage response mea-

surement (see Chapter 2. 1000 V charging voltage and 1000 s charging time were
used and 1 s, 2 s, 5 s, 10 s, 20 s, 50 s, 100 s, 200 s discharging times were chosen.
The measurement results are in (Z. Á. Tamus, Csányi, & Tomon, 2015).

Since the correction factors provided by standards are based on measuring in-
sulation resistance, where the sum of the conductive and polarisation processes is
measured, the sum of Sd and Sr was evaluated for calculation of activation energies.
The calculated activation energies for a given discharging times are in Fig. 3.1.
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Figure 3.1: Activation energies of each core before and after ageing. Data from
(Z. Á. Tamus, Csányi, & Tomon, 2015)

3.6 Discussion of the results

In the Chapter 3.3 it is introduced that in LV PVC cable the conductive and polar-
isation processes have different activation energies, and they are in the 78.8. . . 100.6
kJ/mol range in case of conductive, and 13.9. . . 30.8 kJ/mol range in case of polar-
isation process (Csányi & Tamus, 2014).

The activation energies after 50 s of discharging time are evaluated because
these should be the closest result to the insulation resistance measured after 60
s. The calculates activation energies are in the 78.02. . . 60.33 kJ/mol range before
ageing, while after ageing these values decreased to the 62.91. . . 39.59 kJ/mol range.
This means that the temperature dependence of the measured values by insulation
resistance measurement also depends on the level of degradation and the colour of
the insulating material.

Activation energy was calculated from a recommended correction factors for LV
PVC cables (Nexans, 2010). The result is 119.63 kJ/mol that is significantly higher
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than the measured 78.02 kJ/mol maximum value at 50 s, Using the correction
factors of the Hungarian standard (MSZ 13207-2000, 2000) much higher activation
energy is resulted (138 kJ/mol). This means that the temperature dependence of
the correction factors is higher than the temperature dependence of the measured
values. This may end up in higher corrected values than the real values, which is
obviously not desirable. An example: the measured resistance is 2.7 MΩ, and the
temperature is 50◦C. The resistance calculated to 15◦C is 487 MΩ according to the
provided correction factors. Calculating with the 78.02 kJ/mol activation energy,
the standardized insulation resistance is 91.88 MΩ, and calculating with the 91.2
kJ/mol absolute maximum calculated activation energy the result is 166.725 MΩ.
Both values are significantly lower than the insulation resistance provided by the
recommendation. This effect increases by the degradation level of the insulation
since the activation energies were lower in aged specimens than in new ones. The
results show the importance of temperature dependence of dielectric properties for
correct insulation sizing, since the insulation is an important part of cost-effective
design of high voltage equipment (Orosz, Sleisz, & Tamus, 2016).

3.7 Thesis

The new scientific results of the chapter is summarised by Zhou et al. in they invited
review paper published in IET’s High Voltage journal (Zhou, Yi, & Dong, 2017, 3):

”Insulation resistance can most directly reflect on cable condition. Insulation
resistance measurement is a DC diagnostic test but according to (IEEE Std. 43,
2014), it needs temperature correction. Tamus et al. (Z. Á. Tamus, Csányi, &
Tomon, 2015) proposed that the use of the logarithm of the initial slopes of the decay
voltage and return voltage should be chosen when applying temperature correction
factors. Compared with the standard, the results showed significant lower value of
activation energy, which means that the insulation resistance value calculated based
on the standard (IEEE Std. 43, 2014) can be higher than the actual value and may
result in oversizing the cable insulation.” (Csányi & Tamus, 2014; Orosz et al.,
2016; Z. Á. Tamus, Csányi, & Tomon, 2015; Z. Á. Tamus & Szedenik, 2013)
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Chapter 4

Health Effects of Lightning
Current in Down Conductor

The aim of lightning protection is
to defend first of all human life. . .
against any damage caused by
lightning.

Tibor Horváth, Computation of
Lighting Protection

4.1 Background

Persons may suffer lightning injuries in different ways, such as: direct strike, contact
injury, side flash or splash, ground current, upward streamer or leader (Fig. 4.1)
(Cooper, Andrews, Holle, Blumenthal, & Navarette Aldana, 2017).

Besides these classical electrical injuries of lightning, another deleterious effect
of a lightning strike has been introduced (Z. Á. Tamus et al., 2010).

In case of lightning strike into air termination, the lightning current generates
time varying magnetic fields around down conductors, which are mounted on the
wall of residential buildings. It is well known that rapidly changing magnetic fields
can generate dangerous eddy currents in the human body. If the duration and the
gradient of the magnetic fields are high enough, the peripheral nerves are excited
causing discomfort. Higher eddy currents can excite muscle cells and more intense
gradient magnetic field can cause cardiac stimulation, which may result in fatal
cardiac fibrillation.

27
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Figure 4.1: Mechanisms of lightning injury. A, Direct. B, Contact. C, Side
splash/flash. D1, Ground current through the earth. D2, Ground arcing. D3,
Ground arcing cave. E, Upward streamer. (Cooper, Andrews, Holle, Blumenthal,
& Navarette Aldana, 2017)

In this chapter some excitation models are discussed and the time-varying mag-
netic fields around down conductors is calculated by different quasi-stationer ana-
lytical and numerical models. Finally, the probability of cardiac fibrillation is eval-
uated since, the current standard does not contain any restrictions for the distance
of down conductor from the walls of buildings (IEC 62305-3, 2010).

4.2 The excitation models of human cells

The interaction of time-varying magnetic field and the human body is based on the
stimulation of nerves and excitable cells by the induced eddy current according to
the Faraday’s law of induction. The induced current depends on the intensity of
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the gradient field, the circumference of the exposed organ and the conductivity of
the tissue, obviously.

The physiological reactions of intense gradient magnetic fields are peripheral
nerve stimulation (PNS), muscle movement, discomfort and cardiac stimulation.
Practically, the PNS means the threshold of sensing or stimulation. Nevertheless,
many research groups have investigated the harmful effects of intense gradient mag-
netic fields on volunteers. These studies have resulted in many interaction models,
which have been summarised and published elsewhere (Schaefer, Bourland, & Nyen-
huis, 2000).

The excitation threshold of nerves depends on the duration of stimulation, i.e.
higher-level stimuli are needed for shorter exciting pulses. For long gradient mag-
netic fields (τ > 1 ms) the minimum threshold is expressed by the time derivative
of the magnetic flux density (dB/dt). If the impulse is shorter than 10 µs, the
product of the impulse duration and intensity provide the threshold for the nerve
stimulation (Reilly, 1989). Between these time intervals, the threshold for nerve
excitation depends on the duration of the stimuli.

The most common used models for cell excitation are the hyperbolic and the
exponential models (Rabinovitch, Braunstein, Biton, Friedman, & Aviram, 2016).

4.2.1 Hyperbolic model

The results of early research is summarised in a simple hyperbolic formula, namely
in the Lapicque-formula. This is the most commonly used excitation rule in neuro-
physiology. At excitation of a tissue by a time-varying magnetic field, the threshold
can be expressed as a time derivative of magnetic flux density (dB/dt):

dB

dt
= b
(

1 +
c

τ

)
, (4.1)

where b is the rheobase and c is the chronaxie, τ is the duration of the stimulus.
The rheobase is the asymptotic dB/dt for long duration stimuli and the chronaxie
is the duration of the stimulus at which dB/dt is twice the rheobase (Fig. 4.2).

This formula mainly based on experimental observations of the excitable tissues
and can be used when the exciting duration is higher than tens of µs.

The study on nerve stimulation (Nyenhuis, Bourland, Kildishev, & Scaefer,
2001) provides a basis for the recommendation of ICNIRP for the level of gra-
dient magnetic fields (ICNIRP, 2004). By the results of this study the ICNIRP
stated that the median perception threshold is described in 4.1, where b = 20 T/s
and c = 360 µs.

4.2.2 Linear circuit model

The linear circuit model of the excitable cell membrane can be seen in Fig. 4.3. This
simplified model represents a small patch of excitable membrane by a capacitance
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Figure 4.2: Strength-duration curve of nerve stimulation by time-varying magnetic
fields according to Lapique formula (Z. Á. Tamus, Iváncsy, Kiss, & Szűcs, 2014)

(Cm) and a resistance (Rm) (Reilly, 1998).

Figure 4.3: Linear circuit model for isolated patch of excitable membrane (Z. Á.
Tamus, Iváncsy, Kiss, & Szűcs, 2014)

A stimulus current flowing across the membrane is assumed as a current source
(I(t)). Since the time varying external magnetic field generates eddy current inside
the body the strength-duration relationship can be expressed by an exponential
formula:

dB

dt
=

b

1 − e−
t
τe

, (4.2)

where b is the rheobase and τe is the time constant (τe = RmCm), t is the
duration of the stimulus.

4.2.3 Comparison of hyperbolic and linear circuit models

In both hyperbolic and exponential formulations the b represents same rheobase
values. The relation between the time constant of exponential formula (τe) and the
chronaxie (c) can be expressed as

c = τe ln 2 = 0.693τe. (4.3)
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The comparison of strength-duration relationship of two models can be seen in
Fig. 4.4. The values of rheobases and time constants are same for both models.

Figure 4.4: Comparison of strength-duration relation in case of hyperbolic and
exponential formulation (Z. Á. Tamus, Iváncsy, Kiss, & Szűcs, 2014)

The figure shows if the duration of stimulation is shorter than the one tenth of the
time constant the difference between models is negligible. Similarly, if the duration
of stimulation is ten times higher then the time constant the difference is also not
significant moreover the threshold of excitation almost independent of the duration
of the stimuli.

Fig. 4.5 shows the product of strength and duration of the stimulation as a
function of normalized duration of stimulating pulse.

Figure 4.5: Product of strength and duration as a function of normalized duration
in case of hyperbolic and exponential formulation (Z. Á. Tamus, Iváncsy, Kiss, &
Szűcs, 2014)

This figure shows an important characteristic of both models: for very short
impulses, the duration is lower than one tenth of the time constant, the product
of strength and duration is almost constant. This result means that if the rise
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time of lightning current is much shorter than the chronaxie of the excited tissues,
occurrence of excitation is independent of the rising time of lightning current pulse.
On the other hand the threshold of stimulation can be expressed as the peak current
of lightning and the distance from the down conductor (Z. Á. Tamus, Novák, Szücs,
& Kiss, 2011).

4.2.4 Considerations on cardiac stimulation

From the safety point of view the main concern is the cardiac stimulation by time
varying magnetic fields. Early in the development of fast scan MR techniques there
was an assumption the heart could be at risk by the induced current of gradient
magnetic fields and many investigations were led to clarify this issue. Fortunately,
the intensity of gradient fields in MR procedures are far from the limit of cardiac
stimulation and the summarization of these studies have been published elsewhere
(ICNIRP, 2004; Nyenhuis et al., 2001).

For cardiac stimulation of animals the median value of threshold was found
2, 700 T/s with 530 µs pulse duration (Nyenhuis et al., 2001). The threshold varies
in hyperbolic manner with the duration of stimulus the threshold can be expressed
by the production of the pulse with and the gradient field, in this case 1.43T is given.
Assuming a chronaxie of 3 ms and scaling the result to human geometry, 0.43 T
is the minimal threshold for cardiac stimulation for humans. It is observed that
1 percentile level in the population is half of the median of stimulation threshold,
hence 0.215 T is given for the threshold of cardiac stimulation. Similar results
(0.19 T ) can be found for very short impulses (few µs) in other literature (Reilly,
1992). The corresponding of dB/dt would be 405T/s at 530µs pulse duration which
is a factor of ten above the threshold for peripheral nerve stimulation and a factor
of five above the median for intolerable stimulation (ICNIRP, 2004).

4.3 Health effects of time-varying magnetic field
around down conductor

Assuming there is a down conductor on the outer surface of a building and people
are inside of the building maybe close to the down-conductor during thunderstorms.
In this case people are potentially exposed to high intensity time-varying magnetic
fields if the lightning strikes into the air terminal and the lightning current flows
down to the ground in the down conductor. The risk of adverse health effects
generated by lightning strike can be calculated.
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4.3.1 Magnetic field around down conductor

Considering the down conductor is a filamentary and infinite conductor, the time
derivative of the magnetic flux can be calculated by the following equation:

dB

dt
=

µ0

2πx

di

dt
, (4.4)

where di/dt is the gradient current and x s the distance from the down conductor.
If the threshold dB/dt is given, the corresponding threshold di/dt can be calcu-

lated at distance x from the down conductor by the arrangement of (4.4):

di

dt
=

2πx

µ0

dB

dt
. (4.5)

After the rearrangement of (4.4) the critical distance for a given di/dt can be
calculated:

x =
µ0

2π

di
dt
dB
dt

, (4.6)

if the critical time derivative of magnetic flux is known.

4.3.2 Developed interaction model for risk calculation

The probability of nerve excitation, which can lead to harmful heart fibrillation,
has been examined as a function of distance from a down conductor, when lightning
strikes the connected Franklin-rod. The investigation has two parts regarding the
rise time of the lightning current:

• The rise time of the lightning current <10 µs: The product of the strength
and the duration (dB/dt) has been used for a threshold, which was 0.19 T
(Schaefer et al., 2000). The case of positive and negative lightning have been
also examined, since both polarities of lightning occurs in this time range.

• The rise time of the lightning >10 µs: the Lapique-formula has been used
for the calculations. These calculations have been made for positive lightning
since only 5% of negative lightning has higher rise time than 28.6 µs, while
the 50 % of positive lightning has longer rise time than 35 µs. In this case,
two rise times were calculated 35 µs for 50 % probability and 250 µs for 5 %
probability (IEC 62305-1, 2010). For cardiac muscle 3 ms and 63 T/s were
assumed for chronaxie and rheobase, respectively (ICNIRP, 2004).

When lightning strikes into the Franklin-rod, the gradient magnetic field sur-
rounding the connected down conductor depends on the peak and the rise time of
the lightning current. If the product of dB/dt and τ is the threshold for excitation,
the current peak determines the adverse health effects. The probability distribution
of lightning peak current is described by a lognormal distribution. The parameters
of lognormal distribution are taken from the standard (IEC 62305-1, 2010).
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The probability of excitation, when rise time is lower than 10 µs

The results of the calculations (Table 4.1, Figure 4.6) show that the probability of
cardiac stimulation by the down conductor was quite high (>0.29%) when positive
lightning strikes the Franklin-rod and the distance is less than 1 meter.

Table 4.1: The threshold current and probability of cardiac stimulation in the case
of positive and negative lightning. Rise time <10µs (Z. Á. Tamus, Novák, Szücs, &
Kiss, 2011)

Distance [m] 0.1 0.25 0.5 0.75 1
Threshold peak current [kA] 95 237.5 475 712.5 950
Probability (-) 4.16% 0.06% 0.00% 0.00% 0.00%
Probability (+) 19.72% 5.38% 1.46% 0.59% 0.29%
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Figure 4.6: Cardiac stimulation probability as the function of the distance from
down conductor (Z. Á. Tamus, Novák, Szücs, & Kiss, 2011)

The probability of this dangerous effect is negligible in the case of negative
lightning strike if the distance from the down conductor was greater than 0.5 m.
Latter is generally satisfied in practical conditions.

The probability of excitation when rise time is higher than 10 µs

In this case, the thresholds (dB/dt) are determined by (4.1) and from (4.5) the
threshold currents for stimulation can be calculated (Table 4.2).

The results of the calculations show that the threshold for cardiac stimulation
does not depend on the rise time of the lightning current. This results from the heart
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Table 4.2: The threshold current of cardiac stimulation in the case of positive
lightning. Rise time: 35 µs and 250 µs.(Z. Á. Tamus, Novák, Szücs, & Kiss, 2011)

Distance [m] 0.1 0.25 0.5 0.75 1
Threshold peak I (35 µs) [kA] 95.6 239.0 478.0 717.0 956.0
Threshold peak I (250 µs) [kA] 102.4 255.9 511.9 767.8 1023.8

muscle chronaxie, which is higher by one order of magnitude than the highest rise
time of the lightning current. The usual value of chronaxie of cardiac stimulation is
3 ms (Plonsey & Barr, 2011; Reilly, 1998; Schaefer et al., 2000) while the rise time
of lightning current even in case of positive strike is below 200 µs in 95 % of cases
(Horváth, 1991) therefore only the peak of magnetic flux density will determine the
occurrence of cardiac stimulation according to the results of Section 4.2.

4.3.3 Effect of grounding

The calculations in previous sections are based only a simple analytical model. In
that model, the effect of the current in the ground is not taken into consideration.

A finite element model of the down conductor and the grounding have been
created to investigate the the effect of ground currents on the magnetic flux density
around the ground conductor. The down conductor modelled as a 30 m height
straight rod with 1 cm diameter. The grounding is assumed as the 1 m long also
straight rod under the ground level and the conductivity of soil is 100 Ωm. 1 kA
lightning current is used hence linear, quasi-stationer model is assumed since the
field distribution is not depend on the lightning current. By this model magnetic
flux density of lightning current can be determined and a magnetic flux density can
be easily calculated for a given lightning current.

Since, only the peak of magnetic flux density counts from the point of view
of cardiac stimulation, the relation between the lightning peak current and the
magnetic flux density surrounding the down conductor is calculated.

The distribution of the magnetic flux density can be seen in Figure 4.7.
The figure shows that magnetic flux density is lower close to the ground because

the current in the ground lessens the magnetic flux density generated around the
down conductor. To evaluate the effect of grounding on the magnetic flux density
the ratio of flux density and current were calculated as a function of height above
ground and distance from down conductor. Figure 4.8 shows the results. It can
be concluded that the effect of the proximity of the ground can be neglected about
above 5 m the ground since the curves of 505 cm and 1505 cm are almost the same
(see Figure 4.8).

Assuming that 0.19 T magnetic flux density is required for cardiac fibrillation
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Figure 4.7: Distribution of magnetic flux density above the ground, 1 kA (Z. Á.
Tamus, Iváncsy, Kiss, & Szűcs, 2014)

(Schaefer et al., 2000), the minimum lightning currents are calculated for this haz-
ardous health effect. The results are in Figure 4.9. As the figure shows the threshold
current decreases by the height above ground according to the magnetic field dis-
tribution (Figure 4.7).

Taking the lightning current probabilities into account the dangerous places
surrounding the down conductor can be determined. To evaluate the risk of cardiac
fibrillation the results of the magnetic flux density calculations have to compare
the lightning peak current probability distribution, which is described by lognormal
distribution. The parameters of lognormal distribution are taken from (IEC 62305-
1, 2010). The results of risk calculation suggest that in case of negative lightning
striking the probability of cardiac fibrillation is practically negligible if minimum
50 cm distance is kept from the down conductor. But, in case of positive lightning
striking in the lightning protection system the probability of cardiac fibrillation
above 1 m of ground level is not negligible even 90 cm far from the down conductor.
These results show good fit with the results of previously published analytical model
introduced in Section 4.3.2.

The real health risk can be calculated by weighted summarisation of the prob-
abilities of negative and positive cases by the ratio of negative and positive flashes.
In the calculations 70% to 30% ratio is assumed for negative and positive lightning,
respectively (Horváth, 1991). The results are in Table 4.3 emphasise that the real
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Figure 4.8: Magnetic flux density and current ratio [µT/kA] (Z. Á. Tamus, Iváncsy,
Kiss, & Szűcs, 2014)

risk is not negligible in practical cases, but more research is necessary before the
standardisation (Iváncsy, Kiss, Szücs, & Tamus, 2015).

Table 4.3: Weighted summarization of the probabilities of cardiac fibrillation in +
and - cases.(Z. Á. Tamus, Iváncsy, Kiss, & Szűcs, 2014)

P
Height [cm]

5 15 25 55 105 205 505 1505

D
is

t.
[c

m
] 10 2.14% 3.84% 4.55% 5.17% 5.69% 6.20% 8.38% 8.36%

30 0.01% 0.11% 0.41% 0.67% 0.74% 0.82% 1.07% 1.24%
50 0.00% 0.01% 0.08% 0.13% 0.19% 0.27% 0.35% 0.43%
70 0.00% 0.00% 0.01% 0.04% 0.04% 0.08% 0.14% 0.21%
90 0.00% 0.00% 0.00% 0.01% 0.01% 0.04% 0.08% 0.1%
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Figure 4.9: Threshold current for cardiac fibrillation. Data from (Z. Á. Tamus,
Iváncsy, Kiss, & Szűcs, 2014)
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4.4 Thesis

The new scientific result of the chapter is summarised in a thesis-group:
There are several classical lighting injury mechanisms: direct strike, contact

injury, side flash or splash, ground current, upward streamer or leader. Besides
these injuries a new potential hazard caused by the lightning protection system of
buildings has been revealed. In case of lightning strike to the air termination, the
down conductor conducts the fast lightning current impulse to the ground generating
time-varying magnetic around itself. This magnetic field can generate eddy currents
in subjects close to the down conductor. The induced eddy currents can stimulate
the subject’s excitable tissues. This new interaction between the lightning and the
human beings has been investigated.

The main findings of the research are the following:

(i) Comparing the hyperbolic and linear circuit models of excitable cells and con-
sidering the rise time of lightning current, it has revealed that in case of
lightning current impulses the threshold current of cardiac fibrillation is in-
dependent from the rise time. The threshold value is dependent on the peak
of lightning current, only.(Z. Á. Tamus et al., 2011; Z. Á. Tamus, Iváncsy,
Kiss, & Szűcs, 2014)

(ii) Modelling of effects of the grounding, the probability of cardiac fibrillation as
the function of height from ground has calculated. Close to the ground the
probability of cardiac fibrillation is lower, but 5m above ground level the effect
of the grounding can be negligible. (Z. Á. Tamus et al., 2014)

(iii) The probability of life-threaten cardiac fibrillation has been determined in prac-
tical cases. Based on these calculations, a suggestion has been given for the
minimum distance from down conductor. Since current standard does not con-
tain any prescriptions for the down conductor distance from walls, it has been
revealed that the standardised design practice has to be improved by adding
suggestions for the minimum distances. (Iváncsy et al., 2015; Z. Á. Tamus
et al., 2011; Z. Á. Tamus et al., 2014)
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Chapter 5

Summary and outlook

The first part of the thesis introduces new scientific results, which are based on the
newly developed extended voltage response method. The findings based on that
the results of EVR measurement method enable to determine the parameters of ex-
tended Debye model of tested insulations and material samples. This approach helps
to understand the relationship between elementary polarisation processes and the
material structure. The parameters of the equivalent circuit model (time-constant,
capacitances and resistances) as characteristics of the tested insulation are changed,
if the structure of insulating material is changed due to degradation or additive (eg.
plasticiser, nanofiller) content modification. The results of the measurement can be
also applied to investigate temperature dependence of conduction and elementary
polarisation processes. As the scientific results of the thesis introduces the EVR
method is an effective tool of material characterisation and condition monitoring of
insulation ageing.

Nevertheless, these are only the first steps towards the practical application of
the technique. Further directions of the research could be the application of other
insulation models besides the extended Debye model. Since, the measurement of
return voltage examines the polarisation processes having more than one second
time constant and in this range, the interfacial and space charge polarisation pro-
cesses are taken place. Therefore in case of layered insulation structures (eg. power
transformer insulation system) the application of Maxwell-Wagner model would be
obvious. Involving more materials and complex insulation systems in the exami-
nation can emphasise the advantages of the method. A good example of this kind
of insulation system is the mixed, oil-paper and XLPE insulated cable lines. The
condition monitoring of them is still not a solved problem, but the examination of
polarisation processes by time constant seems a favourable solution.

The second part of the thesis shows the steps of a research, which is conducted
to reveal the health effects of magnetic field generated around the down conductor.
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In this work, the risk of cardiac fibrillation as the function of distance from the down
conductor is determined. This result would be important to consider at standardis-
ation of the down conductor subsystem of the primary lightning protection system.
The filed calculation is based on quasi-stationer models, however the real risk can be
determined by the transient field distribution inside the human body. Nevertheless,
the dielectric properties of living tissues are strongly dependent on the frequency,
temperature and many other factors. Similarly, the sensitivity of excitable cells are
also dependent on the time function of stimulation voltage. Therefore, more inten-
sive research work is necessary before these results are implemented in standards.
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