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REZUMAT. Articolul descrie pe scurt performanţ
performanţele sistemului
sistemului de detecţ
detecţie şi localizare a tră
trăsnetelor
snetelor din Romania şi
analizează
analizează posibilitatea utiliză
utilizării bazei de date generate de sistem în dezvoltarea unor aplicaţii
aplicaţii în domeniul proiectă
proiectării şi
mentenanţ
mentenanţei instalaţ
instalaţiilor electroenergetice sau în activitatea de analiză
analiză a defectelor.
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ABSTRACT.
This paper briefly describes the Romanian lightning monitoring system performances and analyses the possibility to
use the lightning database to develop tools for the design and maintenance of the assets or outages forensic.
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system, lightning protection,
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1. INTRODUCTION
Emerging analysis and hardware technologies are
providing advanced techniques to detect, analyze and
mitigate the impact of lightning on power systems.
Cloud-to-Ground lightning (CG) is one of the main
environmental cause of transients, faults, and outages in
electric power transmission and distribution systems in
lightning-prone areas. Additionally, lightning is a major
cause of electromagnetic interference that can affect all
electronic systems. The electric power systems suffer
from both of these problems and must also deal with
direct lightning strikes to facilities and infrastructure.
As a result, engineers have been searching to gain a
better understanding of the causal relationship between
lightning and the power system performance and to
develop practical lightning analysis tools.
In addition to these lightning analysis tools, several
other technological developments are converging to
provide additional insight and mitigation options. For
example, power system disturbance timing that uses
time-stamping based on the Global Positioning System
(GPS) and GPS mapping of line assets, when combined
with lightning location technologies based on a
geographical information system (GIS), can locate the
lightning caused disturbance virtually to the
transmission structure. Analysis of fault-associated
events can allow a utility to determine situations in
which faults are occurring in unusual concentrations in
certain sections of transmission lines. Further, once a
set of high incidence structure locations have been
pinpointed, transmission line components placed in
those affected sections can be rapidly and economically
inspected. This location centred methodology may
allow utilities to deploy mitigation more effectively and
1

at a much lower cost as compared to conventional
approaches.
Based on the knowledge of the transmission system
assets characteristics and their historical performance,
as well as the variable lightning exposure environment,
the paper presents several available techniques highly
capable to provide assessments of transmission lines
lightning exposure and analysis of transmission line’s
performance. Efforts were focused on determining if
lightning patterns existed and, where possible,
exploiting these patterns to correlate recorded line faults
to lightning events. In short, the objective is to
determine if a methodology for location centred
lightning threat mitigation can be developed to best
improve transmission line performance.

2. ROMANIAN LIGHTNING DETECTION
SYSTEM PERFORMANCES
In November 2000, the National Meteorological
Administration began to implement the National
Integrated Meteorological System - SIMIN which
becomes operational since 2002. In addition to different
types of weather radars, SIMIN includes eight (8)
SAFIR 3000 Total Lightning Automatic Detection
Stations supplied by Vaisala and forming the Lightning
Location System (LLS). The LLS network provides
national coverage for both cloud-to-cloud and cloud-toground lightning. Stations locations have been chosen
at high altitudes, as to satisfy best criteria of coverage
and network configuration, lowest RF interference,
highest redundancy and best accuracy. The information
received from the LLS is distributed throughout the
system in near real-time to support integrated forecast
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operations. The LLS performance can be described
knowing the following measures:
• Stroke Detection Efficiency: fraction (or percentage)
of actual CG strokes that were detected by LLS.
• Flash Detection Efficiency: fraction (or percentage)
of actual flashes that were detected by LLS. A flash is
detected if one or more strokes are detected and grouped
applying spatial and temporal criteria.
• Location Accuracy: The error in the position
(latitude/longitude/altitude) provided by LLS (expressed
as a distance error RMS or median).
• Peak Current Estimation Error: error on the
magnitude of the peak current estimate provided by LLS
• Type Classification Error: fraction (or percentage) of
the number of time that LLS incorrectly identified the type
of lightning discharge (CG or cloud discharge).
Efficiency of cloud-to-ground flash detection. One
detection station is composed of a mast, topped by the
SAFIR VHF antenna array, a LF discrimination sensor,
an electronic case and a GPS sensor. The SAFIR VHF
frequency is chosen to be between 110 and 118 MHz
This band is within the optimum frequency band for
maximum signal to noise ratio on lightning
electromagnetic radiation and is worldwide protected
being reserved to aviation navigation equipment.
SAFIR LF sensors are ultra wide band 300 Hz to
3 MHz electric field sensors. The multiple-stations
network integrates two effective lightning detection
technologies: VHF interferometry to measure the
azimuth and eventually the elevation angles of lightning
sources, and low frequency (LF) discrimination of CG
lightning events, based on the pattern of the electric
field waveshape. VHF interferometry technology
enables highly accurate detection and mapping of cloud
lightning, while combined with LF discrimination
offers a high detection efficiency and most accurate
location for CG lightning strokes. By combining these
two technologies, LLS can provide continuous, uniform
detection of most of “normal” CG lightning flashes
over very large areas, the detection efficiency of the
Romanian LLS being evaluated to more than 98%
depending on the region, for flashes having peak
currents of 5 kA and larger.
Location accuracy. The optimum lightning location
is inferred using a generalization of the χ2 minimization
technique described in [8]. For each stroke location, an
error ellipse is computed on the basis of the
assumptions about the sensors angle and timing
accuracy. The shape of the error ellipses depend on the
location of the stroke relative to the sensors. For
example, when a stroke is outside the network and the
distance from the nearest sensor is several times the
sensor baseline length, the ellipse is very elongated and
points in the direction of the sensors. On the other hand,
the error ellipse is nearly circular when a stroke is in the
middle of a group of several sensors. The detection of
2

only one stroke of a flash is required for a flash to be
detected. Spatial and temporal grouping rules are used
to assign detected strokes to flashes before providing
the real-time flash data to the end user. The data are
processed in real-time and are generally available to
users in about 30 s. Reprocessed data, corrected for
errors in sensor calibration and communications delays,
are generally available within a few days and are
archived. It should be noted that the LLS only reports
data if the shapes of the recorded waveforms are
characteristic of return strokes in natural, cloud-toground lightning.
The geometry of the Romanian LLS is such, that
almost all CG flashes are detected by at least 3 sensors;
therefore the 50% error ellipses are in fact circles with a
radius listed in the primary lightning data as the median
“accuracy“ attribute, measured in kilometres. A
graphical representation of the median accuracy
distribution is given in figure 1. The considered
lightning events were recorded during 3 years of
observation in the 5-km corridor centred in the “right of
way” of a 220 kV OHL designated later on as L1. The
median and the mean values of the accuracy differ,
indicating a highly asymmetrical distribution. An
important amount of data, 142 CG-flashes (8.9%) can
be considered as outliers with evaluated accuracy over
1.3 km to 4.5 km.

Fig. 1. Median accuracy recorded for OHL – L1 (3 years data).

The 50% accuracy region surrounding several CG
flash events are represented in figure 2. The accuracy
analized for the others OHLs exhibits the same features,
therefore the results in figure 1 can be considered as
representative for the Romanian LLS.
Time stamp of CG flash. The LLS can also
determine the time (UTC – Coordinated Universal
Time) of each CG stroke with an accuracy of
approximately one microsecond, providing the ability to
time-correlate this information to virtually any other
measurable event related to electric utility operations.
The network is also capable of detecting and locating
both first and subsequent strokes, although the detection
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efficiency for the subsequent strokes is much lower
(typically 40-60%) than overall flash detection
efficiency, due to their smaller peak current values.

Fig. 2. 50% - accuracy regions represented in the 2-km corridor
centred in the “right of way” of a 400 kV OHL (L9).

Peak value of the current, IMAX. An essential
capability of the LLS is the ability to estimate some of
the lightning currents parameters. The effects of
lightning on electric power systems can he loosely
broken down into two classes:
I. Voltage transients that are produced by a
combination of resistive (due to lightning current) and
inductive (due to the rate of change of lightning
current) effects. When voltage transients reach a
sufficient magnitude, they result in arcing, line faults, or
current flow in surge arresters or other protective devices.
II. Effects becoming active once the lightning current
is flowing in power system components and protective
devices. Those effects are capable to produce heating in
these devices and possibly result in equipment damage.
Lightning parameters associated with heating and
explosion, are the electric charge downloaded during
the entire lightning event and the action integral. The
total charge in a flash is the sum of the impulse charges
associated with each return stroke, and any charge
transferred during periods of continuing current.
The most general inference that can be made
concerning the possibility to evaluate lightning effects
is that one must know the time sequence of the
lightning current (current waveform) in order to fully
understand its threat. Unfortunately, this information
can only he determined in special cases such as
triggered lightning [1] or tower measurements [2], [3]
where the current waveshape can be recorded.
The “second best” is to define a number of
parameters able to represent the important attributes of
the current waveform. Most of the techniques
developed to evaluate lightning effects use highly
simplified current waveform that can be described in
terms of such parameters. The main current parameters
associated with lightning damage are defined in [4]: the
current peak value IMAX, the peak value of the current
derivate (dI/dt)MAX, the charge transferred (Qimp and
Qflash), and energy per 1 Ohm (action integral). Other
3

useful parameters are variations of those listed above
[4], [5], [6]. In recent work, [14], it was suggested that
because there is a correlation between the peak value of
the current and other lightning current’s parameters,
most of the effects on power systems can be explained
in terms of peak current itself. More specifically,
because (dI/dt)MAX was found to have moderate-to-high
correlation with peak current for both positive and
negative strokes, the inference was made that peak
current by itself could he viewed as the essential
determinant of overvoltage. Similarly, total charge and
action integrals, the principal determinants of heating
and explosion, were highly correlated with peak current
but only for positive flashes. Heating due to negative
flashes was more complex, presumably due to the
variable number of return strokes in negative flashes
and the variability in (or) lack of continuing currents.
The suggestion in this case was that knowledge of the
number of strokes and estimates of their individual peak
currents might be sufficient to explain heating effects
for negative flashes. After considering the information
in this section, the question to be answered can be
formulated as follows: is it sufficient for electric
transmission and distribution operations that real-time
LLS only provide accurate estimates of peak current for
all the strokes in a lightning flash, or must the system
be upgraded to measure additional current waveform
parameters?
The Romanian LLS can provide estimates for the
peak value of the lightning current based on the radiated
LF electric field used to both locate the lightning and
estimate lightning parameters, namely using
measurements of the peak electric field (signal
strength). The relationship between peak electric field
and peak current assumes that the simple transmission
line model is valid for the peak field, which is
supported by several authors [9], [10]. The LLS stroke
processing software than uses the empirical linear
regression recommended in [11]
I MAX = 0.185 RNSS

(1)

where RNSS is the range-normalized value of the signal
strength for each reporting sensor corrected to take into
account the propagation effects over finitely conducted
ground and averaged over all sensors that reported the
event. The LLS values of peak current should be
viewed with an uncertainty of at least 20-30% as
compared with values inferred for rocket-triggered
strokes, [12], or strokes on instrumented towers, [13].
There are two additional limitations that can seriously
affect the accuracy of peak current estimates,
particularly in small networks with few sensors. The
first is that when a small number of sensors detect a
stroke, then the uncertainty in the estimated RNSS at
the source is large. For example, if only two to three
sensors detect a stroke, the RNSS uncertainty is
typically about 40% larger than when four to six
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sensors respond. This limitation affects the detection
capability of the Romanian LLS especially for events
located outside the Carpathians Mountains. The second
limitation arises when different sensors measure fields
that propagate over variable terrain with different
propagation losses. In this case, the effect of the
inclusion/exclusion of an individual sensor in a small
network can dramatically change the average RNSS.
Other lightning current parameters. Using several
attributes that can be automatically measured on the LF
electric field waveshape and known values for partial
correlation coefficients relating the lightning current
parameters, the LLS stroke processing software also
evaluates other current’s parameters such as the
maximum value of the current derivative, the charge
transferred during a return stroke and the action
integral. The uncertainty affecting those parameters is
unknown for the moment, but is thought to be greater
than that affecting the peak current value. Besides the
current waveshape attributes listed above, LLS give the
polarity for each detected return stroke.

locations provides a much better and more accurate
method of quantifying the lightning exposure. As an
example, a composite map of Romania displaying the
geographical lightning threat using a global indicator
(number of thunderstorm days) and a local indicator
(GFD – Ground Flash Density) is given in figure 3.
GFD was evaluated by counting all flashes that
occurred in a grid of 25-km square cells and then
smoothing these counts by averaging over the eight
“nearest neighbour” cells. Is a simple density
calculation, in which points that fall within the search
area are summed, then divided by the search area size to
get each cell's density value.

3. ASSESSING TRANSMISSION LINES
LIGHTNING EXPOSURE
Primary data provided by the Romanian LLS during
three years of observation were used in an attempt to
assess transmission lines lightning exposure and to
analyse transmission lines performances. In the
following, some of the results will be presented. The
transmission lines under study are listed in Table 1
together with rated voltage and length of the line.
Table 1
Main features of the OHL under study
OHL
Code
L1
L2
L3
L4
L5
L6
L7
L8
L9

Voltage
[kV]
220
220
220
220
400
400
400
400
400

Length
[km]
38.0
113.0
121.5
129.0
69.5
115.7
157.9
196.5
263.4

Altitude
[m]
723
437
108
120
228
111
199
325
267

GFD
[Flashes/km2/year]
1.000
0.610
0.660
0.460
1.080
0.430
0.740
1.000
0.800

Average values for the line altitude and multiannual
GFD in the 5 km corridor centred in the right of way of
the OHL were also mentioned, in order to depict general
environmental conditions of the considered assets.
Ground Flash Density in the 5 km corridor
centred in the “right of way” of the transmission
lines (5 km ROW). It is common practice to
characterize the overall lightning threat over a given
geographic region with maps of the area density of
flashes, because a direct measurement of the CG flashes
4

Fig. 3. Geographic distribution of GFD average multiannual value
and the contour lines (isolines) for the number of thunderstorm days.

Evaluation of the GFD from LLS data is highly
affected by the selected grid size for the statistical
analysis. Depending on the application intended for the
estimated GFD, selection of an appropriate grid size for
the statistical analysis is required, the smallest size
being determined by the location accuracy of the LLS.
As the lightning collection area for an OHL has a
special shape (a corridor whose width is much smaller
than its length), padding this corridor with small
rectangular cells will introduce a high amount of noise
when evaluating the density. Therefore, in order to
obtain values of GFD that could be used to assess the
lightning exposure of an existing OHL, the “near
neighbour” method was replaced by a nonparametric
technique developed for multivariate density functions
estimation, namely the kernel density estimation, [14].
Conceptually, a smoothly curved surface is fitted over
each point. The surface value (the estimated density) is
highest at the location of the point and diminishes with
increasing distance from the point, reaching zero when
the distance from the point equals the input value for
the search radius. Only a circular neighbourhood is
possible. The density at each output raster cell is
calculated by adding the values of all the kernel
surfaces where they overlay the raster cell centre. The
kernel function that was used is based on the quadratic
kernel function described in [14]. The GFD obtained in
this way will be designated as fine scale GFD. The
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results of the procedure can be observed in figure 4.
The scatter plot in figure 4.a places on a topographic
map of the region the 1598 impacts detected during 3
years in the 5 km ROW of the line.

scale GFD estimated for a larger area. To describe the
fine scale GFD territorial distribution pattern, two types
of graphical visualization was used, equi-value contour
plots overlaid on raster map. The contour curves
enclose areas with values of the fine scale GFD greater
than 0.5, 1.0 and 1.5 flashes/km2/year. The mutual
position of equi-value lines provides an indication of
how the function behaves: it rises relatively steeply
where the contour lines for different values of the
function are close to one another, and rises relatively
gently when they are far apart. Under this criterion, the
function (fine scale GFD in this case) has a uniform rise
from the border of the corridor to the central ROW,
which is an indication that at a fine scale, the presence
of the line has an influence over the local pattern of the
GFD. The colormap selected for the raster, captures the
following properties of the data: each colour is
associated to an interquintile interval. For example, the
magenta colour will cover the area having fine scale
GDF values between 1.40 and 1.80 flashes/km2/year;
20% of all data belong to this interval.

(a)

(a)

(b)
Fig. 4. Lightning exposure of the 220 kV OHL – L1.
(a) Asset exposure map, (b) Contour plot for average multiannual
fine scale GDF values.

The line route starts at about 600 m, rises over
1300 m and goes down under 250 m as it can be seen
analysing the altitude profile. The geographic
distribution of the GFD in the 5 km ROW of the line
represented in figure 4. b was cut out from the fine
5

(b)
Fig. 5. GFD evaluated on fine scale for OHLs in table 1:
(a) descriptive statistics, (b)- interquintiles intervals.
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The same type of analysis performed for each of the
OHLs listed in table 1, produces the results summarized
in figures 5 (general features) and 6 (fine scale GFD).

(a)

(b)
Fig. 6. Lightning exposure of the 220 kV OHL – L2 to L4 and
400 kV OHL L5 to L9. Density plot overlayed by contour plots for
average multiannual GFD values evaluated on fine scale.
6

For existant OHLs with a typical length of several
tens to hundreds of kilometers the lightning exposure
can exhibit a significant variation along the line due to
large variation in topography. The fine scale GFD can
reveal this variation and highlight vulnerable areas,
candidates to preventive maintenance actions. Maps like
figure 6 can be used to estimate approximately how often
the OHL will be exposed to nearby and direct strikes and
to optimize expenditures when routing, protecting and/ or
upgrading new or existing lines.
It should be noted that the multiannual average
behaviour can be subject to great seasonal and yearly
variations. Because of this variability, the performance of
lightning protection devices cannot be evaluated with a
sample of only one or a few years. For the OHLs under
study, the lightning map for an individual year is often not
typical of the long-term frequency. However, the location
of the “hotspots” along the line route is remarkable stable
even if the GFD values change in time.
Fault detection. Theoretically, the number of
lightning faults of power lines should be proportional to
lightning flash density, provided the distributions of
lighting peak currents are the same. The comparison of
HV transmission line failure with the lightning flash
density observed by LLS, however, often does not show
clear correlation. The above mentioned tendency could
be explained by the high lightning impulse CFO of the
transmission line’s insulation which provides high
values for the protection currents in the case of
shielding failures and for the critical currents in the case
of backflashovers. On the contrary, the surveys of
distribution lines failures related to lightning activity
reveal a clear correlation between the frequency of
lightning strokes and recorded failures
The event-by-event correlation between line faults
recorded on HV transmission lines and flashes detected
by LLS, which provide an estimation of lightning flash
location, return-stroke current amplitude and time of the
event, has already been investigated [15], [16], [17].
Data from LLS can be compared with those coming
from fault recorders, such as monitoring system of
relays operations. In general, the correlation is basically
established by means of a time window and a spatial
distance criteria, i.e. lightning is assumed to be the
reason of a line fault if the two events namely the
detected lightning and fault, are recorded within a time
window of few seconds, and if the distance between the
estimated stroke location and the line is lower than a
chosen distance, say the median or RMS accuracy. As
shown before, for each estimated stroke location, a 50%
probability error ellipse is usually provided by LLS as a
confidence region in which there is a 50% probability
that the actual stroke location lies within the area
circumscribed by that ellipse, the centre of the ellipse
being the most probable stroke location, [8]. The spatial
correlation criterion is based on the identification of the
intersection between the error ellipse and a corridor
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nearby the line: if the ellipse is completely outside the
corridor, the event is assumed to be uncorrelated with
respect the line fault event. Combining accurate
transmission line asset location with accurate lightning
location and timing provides the ability to accurately
pinpoint locations of asset exposure and lightning
caused disturbances. It must be emphasised that an
accurate time-stamping of disturbances occurring on
those assets in order to verify that a fault was lightning
induced, and/or eliminate lightning as a potential cause
of the fault is mandatory. Accurate fault timing can be
obtained by adding the GPS-based precision timing
equipment used by LLS automate stations, to digital
fault recorders or automatic reclosing equipment
installed at lines’ terminals.
The OHLs under study are, all of them, transmission
lines with 220 and 400 kV rated voltage; the lines are
protected with 1 or 2 ground wires and the earthing
resistance is maintained smaller than 20 Ohm for most
of the towers. During the 3 years observation, the
number of outages experienced by each of the analyzed
OHL was established using automatic reclosing of the
line circuit breakers events, each event being recorded
by the network operator. This primary number of
outages divided by the line length and the number of
years give the fault rate denoted by N1 in figure 7.

N3, represents such outages possibly triggered by
lightning.
An example of such an analysis is illustrated in
figure 8. The time window and distance-to-line criteria are
applied, and 3 events detected in the acceptable timewindow could be the cause of the recorded outage.

Fig. 8. Line Outage on 400 kV OHL – L9, 2 lightning flashes
intercepting the line, detected within the time-window, probable
candidates as primary cause of the line fault.

For each of the candidate flashes (first return stroke
and subsequent strokes if any), the peak current, polarity,
charge, action integral and multiplicity are attributes
available from the lightning database.

4. CONCLUSIONS

Fig. 7. Line fault rate, average value for 3 years.

The search in the LLS database for lightning
activity time-correlated with the outages events,
provides the number of recorded outages occurring
while there is a storm in the area. In this maner, the
fault rate N2, representing outages that could be
assignated to lightning, can now be identified as a
fraction of the total fault rate N1.
The next step is the event-by-event correlation of faults
with the lightning discharges that are candidates to cause
them. The search in the LLS database is narrowed to
those lightning events that fulfil the time and space criteria
mentioned earlier. If such candidates are found the outage
was probably triggered by a lightning stroke. The fault rate
7

Although practical benefits of the information
provided by LLS are important, as can be seen from the
paper, there are also a number of issues that should be
solved, such as to improve the LLS detection efficiency
and location accuracy mainly through careful
calibration and periodical upgrade of the LLS stroke
processing software. These tasks would be a major
undertaking for the LLS owner, implying financial,
technical and scientific efforts in order to maintain and
expand the database.
The lightning location information is relevant to the
design and assessment of lightning protection solutions
for electric utilities. It can be a valuable support to
maintenance activities, as maps of lightning exposure
identifies hotspots of lightning threat. The use of
lightning data can reduce the uncertainty when
classifying incidents and can improve significantly the
effectiveness of operation decisions, thus reducing the
risk in terms of disturbances caused by lightning. This
benefit will be of great importance for the next
generation of electric power systems, the Smart Grid,
where automation and digital technologies are applied
to improve reliability, efficiency, security and
flexibility of the conventional grid.
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