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A B S T R A C T

The contribution describes probabilistic approach for evaluation of earthing system safety, which can comple-
ment the conventional earthing design methodology given by standard EN 50522, similarly as mentioned in
British Annex NA. The main part of the contribution is application of the probabilistic risk assessment approach
on case study of distribution transformer station earthing system. For presentation of benefits of probabilistic
approach, the system solidly earthed, isolated, resonant earthed and resistor earthed were respected as the part
of the case study. The contribution stipulates all crucial aspects of this process including probable drawbacks
flowing from high amount of non-well known input variables which are necessary for probability calculation,
e.g. human body presence, respected risk scenarios, frequency and type of earth faults, fault/contact coin-
cidence, etc. The last part of the contribution is focused on sensitivity analysis of all crucial input variables which
can affect final individual risk probability.

1. Introduction

Besides determination of minimal operating requirements of an
earthing system (ES), engineers also have to evaluate its safety level.
The methodology is described in many different international standards
like IEC 61936-1 (2010) [1], EN 50522 (2010) [2] and IEEE 80 (2000)
[3]. For example, current version of EN 50522 safety criteria is ex-
pressed by a voltage-time (V-t) dependent curves that represents per-
missible touch voltages. If all touch voltages of a given design are lower
than V-t curves respecting fault clearing times and additional insulating
layers, then the given design is evaluated as sufficient and might be
assumed as safe. Throughout the whole designing process of ES the
input data is taken as concrete numbers with the preservation on the
conservative site (i.e. assuming the worst case scenario). Usually the
input values in terms of probability are taken as from 95% or more
confidence interval. For example, El-Kady [4,5] put a lot of effort in
determining the distribution of earth fault current magnitudes with the
help of Monte Carlo simulation accounting also for remote faults with
transferred earth potential rise (EPR) by overhead earth wires. Another,
more recent, study by Dimopoulos [6] also reports that the ‘worst case’
scenario is not very likely to happen and that more comprehensive
approach respecting probabilistic nature of input variables should be
adopted. Dimopoulos [6] in his contribution also used statistical data of
clearing time distribution that also confirms the probabilistic nature of

the problem (most of the clearing times can be expected lower than the
set value of respective protection). Also, the current version of EN
50522 states that ‘It must also be recognized that fault occurrence, fault
current magnitude, fault duration and presence of human beings are prob-
abilistic in nature’, yet the proposed ‘the worst case’ scenario approach
with deterministic input values is assumed as acceptable.

Following steps in EN 50522 may induce the feeling that the final
design of ES is safe, however this is not generally true. That is because
the V-t curves are derived with the assumptions of: human body current
causing fibrillation in 5% of all cases (c2 curve), the human body re-
sistance is taken as for 50% of population, current path one hand to feet
and no additional resistances [2]. As one could easily deduce, the
current standard EN 50522 V-t curve has an inherent probability of fatal
accident up to 5%. However, the fatal accident probability is much
lower due to the fact, that the fatal accident could only happen when a
fault occurs and at the same time a person is exposed to the hazardous
potential difference, i.e. the probability of coincidence [7]. Also the
probabilistic nature is the fact, that the soil is in general an in-
homogeneous structure [8–10] which can be modelled with one or
more respective layers and its behaviour may change with the weather
conditions [11]. The question of adopting probabilistic approach in-
stead of deterministic is quite old and many papers [6,12–21] were
published with an attempt to improve the general methodology. The
probabilistic approach was also adopted in national annex NA and NB

https://doi.org/10.1016/j.ijepes.2018.03.026
Received 22 September 2017; Received in revised form 13 March 2018; Accepted 17 March 2018

⁎ Corresponding author.
E-mail addresses: topolanek@feec.vutbr.cz (D. Topolanek), vaclav.vycital@vutbr.cz (V. Vycital), toman@feec.vutbr.cz (P. Toman), bcarman@ausgrid.com.au (B. Carman).

Electrical Power and Energy Systems 101 (2018) 268–279

0142-0615/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2018.03.026
https://doi.org/10.1016/j.ijepes.2018.03.026
mailto:topolanek@feec.vutbr.cz
mailto:vaclav.vycital@vutbr.cz
mailto:toman@feec.vutbr.cz
mailto:bcarman@ausgrid.com.au
https://doi.org/10.1016/j.ijepes.2018.03.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2018.03.026&domain=pdf


of British standard BS EN 50522 [22]. The most comprehensive de-
scription of probabilistic methodology for evaluation of an earthing
system was described in user guide [7] which contains detail descrip-
tion of theory of safety risk assessment and related problems. This guide
is based on the summarization of published works [13,15,21,23]. In this
document, the probability of fault occurrence as well as coincidence of
human exposure to the hazard voltage is considered as Poisson prob-
ability distribution functions, what is more complex than in the case of
British standard 50522 [22].

It is assumed [12] that the probabilistic approach may be worth for
designing, of some small and solitary standing earthing systems where
new design can lead to substantial over-sizing and subsequently to over-
price of ES without significant impact to reducing of risk probability.
Just in these cases the probabilistic approach is beneficial because it
respects real human presence and fault/contact coincidence to ensure
acceptable risk regarding to ES design expediency and environmental
conditions (soil resistivity). It can optimize design of ES to find the best
ratio between cost and safety factor. Crucial part of probabilistic ap-
proach is selection of generally acceptable value of individual risk
probability (risk of death) which defines safety level of designed ES
(discussed in Section 2.2). In general, the probabilistic approach en-
ables to save cost of ES for its more efficient use while it still fulfils
acceptable risk of death. Unfortunately, the application of the prob-
abilistic approach is very challenging because it is generally based on
complicated methodology where many uncertain variables are used.

Most of the published papers introduce the application of prob-
abilistic approach for designing of ES of transmission asset. However,
the current valid standard BS EN 50522 and guide EG-0 might be used
also for designing of ES in distribution networks, where exposure of
customers is really high due to interconnection of MV and LV earthing
systems. As is discussed in Section 3.1, in such cases, part of the EPR
can be transferred through common protective earth and neutral con-
ductor (PEN) to exposed conductive parts (ECP) which will increase the
overall risk of such a design. Up-to-date almost no contributions dealt
with application of probabilistic approach in MV/LV networks except
one [24]. However, in the paper [24] the authors have not included the
transferred potential to ECP in LV network and thus not incorporated
the risk induced on public.

This contribution shows application and sensitivity analyses of
probabilistic approach based on case study of distribution network
where simple earthing system of distribution transformation station is
evaluated. The case study allows to present benefits and difficulties of
probabilistic approach to show real application potential and potential
for further research works which have to be done prior to wide usage of
probabilistic approach.

This research work was performed in frame of Join working group
B3.35/CIRED - Substation earthing system design optimization through
the application of quantified risk analysis established in September
2013.

2. Integration of probabilistic approach to earthing system
evaluation process

The most gentle way for implementation of probabilistic approach
to relatively conservative European field of ES designing is its in-
tegration to applicable standard [2]. Fig. 1 presents flowchart, where
original evaluation process given by EN 50522 (enclosed by dotted line)
is complemented by probabilistic part as it was used in British National
Annex NA of BS EN 50522 [22]. Compared to [22], the probabilistic
part described in the paper respects the impact of fault duration on
coincidence probability which can reflect effect of longer tripping time
of earth faults in non-solidly earthed distribution networks (see Section
2.1). The coincidence probability assessment criterion presented by the
block 2 is the second difference of the flowchart in Fig. 1 compared to
BS EN 50522. This criterion may simplify probabilistic evaluation
process so that in the first step, it is not necessary to calculate

probability of fibrillation, which could be challenging for some risk
scenarios. In this phase of evaluation process, the fibrillation prob-
ability 1 is assumed for all risk scenarios.

According to [22], the next step admits probabilistic evaluation of
exposure which is categorized to three areas (see Section 2.2). In case
that risk probability is inside intermediate area, the probabilistic part of
ES evaluation process is extended by a cost benefit analysis (CBA) as
shown in Fig. 1 (block 7). The CBA can evaluate the effectiveness of
additional costs spend on modification, re-design or additional mea-
sures of an earthing system, detailed description is in Section 2.3. This
paper is further focused only on the risk probability part expressed by
block 1–8 (Fig. 1), because the initial part of the flowchart is in detail
described in standard [2].

2.1. Individual risk probability calculation

Earthing system safety might be evaluated by the probability of fatal
accident, or so called individual risk IR [7,22]. Determination of IR
might be quite challenging task due to the fact that it is dependent on
many wide-ranging information like: frequency of earth faults causing
EPR and its magnitude and fault clearing time distribution; frequency of
human presence in the vicinity of ES, the human presence duration etc.
Other environmental and site specific information should be also con-
sidered. As the abovementioned information is site specific, detailed
statistical data is necessary to ascertain which might be in many cases
difficult. Also, the change in this data throughout life-time period of
designed ES has to be considered.

Fatal accident might only occur if all three following conditions are
met: - a fault will happen, - a human is exposed to potential difference
(either due to ES EPR or by transferred potential); - and the potential
difference is high enough to cause ventricular fibrillation (other causes
of death are not considered [7,22]). Each of these conditions can be
modelled with probabilistic nature/distributions and thus fault can
happen with fault probability PF, human can be exposed to potential
difference with probability PE and fibrillation may happen with prob-
ability PFib. For simplification, these probabilities can be considered as
independent probabilistic events. Thus simple formula (1) for IR cal-
culation can be introduced as follows [22].

= =P P P P P P· · ·FRisk E Fib Coinc Fib (1)

The product of PF times PE can be substituted by PCoinc (1) which is the
coincidence probability expressing the likelihood of human presence in
the zone of the earthing system influence during an earth fault per year.
The input variables into PCoinc calculation are proposed by [22] as
mean/average values. The calculation of PFib is independent on calcu-
lation of PCoinc and will be discussed later. More comprehensive ap-
proach of IR formula derivation is introduced in [7] where more precise
approach was used. In this user guide [7], the probability of human
exposure and the probability of fault occurrence were modelled with
Poisson distribution function with its mean and variance values,
therefore modified PCoinc formula (2) was introduced by [7] as follows

=
+

P
f p f p T CRF· ·( )· ·

365·24·60·60
,Coinc

n n d d
(2)

where fn is number of earth faults per year, fd is fault duration (sec-
onds), pn is frequency of human presence/touch per year, pd is human
presence/touch duration (seconds), T is exposure duration (years) -
usually 1 year, CRF is coincidence reduction factor respecting pre-
conscious of people familiar with the risk [7] (base value is 1). One
main difference between both approaches [7,22] in calculation of co-
incidence probability is that the British standard [22] does not include
into the calculation the fault duration fd. Based on simplified compar-
ison of both approaches it can be demonstrated that both approaches
give comparable results only for fault duration up to 0.1 s (Fig. 3). The
solution described in BS EN 50522 does not respect impact of longer
tripping times which are characteristic for an earth fault in distribution
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