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LIGHTNING AND POWER SYSTEMS 
Francisco de la Rosa 

INTRODUCTION 
Lightning is considered worldwide as one of the major threats for 
the operation of electric transmission and distribution systems. This 
phenomenon has to be considered in the planning, design and 
maintenance stages of power systems, in order to evaluate general 
system reliability, protection means and requirements for protection 
devices. A general overview of lightning protection considering the 
essential parameters of relevance for power systems applications 
was published in CIGRE, De la Rosa et al. (2000). This paper 
summarizes relevant aspects of that contribution, as preamble to a 
discussion on lightning protection in electric power systems. 
 
PARAMETERS OF RELEVANCE FOR POWER SYSTEM 
APPLICATIONS 

For planning purposes, Ground Flash Density (Also noted as Ng   
-- number of flashes per km2 per year) has traditionally been a 
basic parameter describing the long term average value of 
lightning incidence to ground. This value is needed for evaluations 
of average outage frequency of overhead lines, index of damaged 
equipment per year etc., depending on the system characteristics 
and protection means. However, for the purpose of planning system 
reliability in more detail including operational aspects, additional 
data from lightning are needed. For instance, in advanced 
reliability studies and rough short-term estimates made by the 
operational staff, the following should be included: Variations of 
lightning incidence from year to year, seasonal variations, type of 
thunderstorms including lightning current characteristics, flash and 
stroke rate (number of flashes/strokes per hour and minutes). 
Ideally, statistical distributions should be established for all these 
parameters. 
 

LIGHTNING FLASH PARAMETERS 
A Lightning flash is characterized by several parameters. Key 
examples include: 
 Number of strokes 
 Time interval between strokes 
 Peak current for the first and subsequent strokes 
 Flash and stroke duration 
 Current time variations (impulse shape) 
 Current time derivative (dI/dt - max. value, time function) 
 Existence and nature of continuing current between strokes 
From such data other parameters of interest may be found, for example 
total charge of the flash, charge per stroke, action integral, etc. that 
relate to lightning damage. On a worldwide scale most lightning 
currents are of negative polarity (>90%). However, in some parts of 
the world the fraction of positive lightning currents are much higher. 
Since the current characteristics for negative and positive flashes to a 
considerable extent are different, data for both polarities are needed. 
Lightning current measurements are often focused on current peak 
values. The effective impedance of the lightning channel is high (in the 
order of 1000 ohms), and a lightning stroke may usually be considered 

as an ideal current source. Accordingly, the prospective voltages 
(ignoring system voltages, insulation flashover etc.) generated by a 
direct lightning flash are roughly proportional to the lightning current. 
The effective impedance seen by the current is time varying, 
depending on system configuration, possible flashovers, grounding 
impedances (including ionization effects), etc. 
Current time variation is important for the voltages that are generated 
by a lightning flash. The effective impedance of the system is relatively 
high in the first moments of the strike and it gradually decreases due 
to the current distribution in the network. Accordingly, the higher 
overvoltages occur for currents with short time to crest (front time). 
The current time derivative (dI/dt) results in inductive voltages along 
conductors and is also an important parameter for the magnitude of 
lightning overvoltages. This parameter is essential to determine the 
effect of connecting leads to surge protective devices, and is also 
important for assessing the risk of backflashovers (inductive voltage 
drop along towers). 
For detailed calculations, the time function of dI/dt is needed, since 
considerable variations may occur along the current front. Utilization 
of the maximum value (dI/dt)max is generally too conservative. 
Current time to half value, together with the current time to crest, is 
used to characterize the impulse shape. 
Time interval between strokes is an important parameter for 
evaluations of transmission line outages caused by unsuccessful 
reclosing operations during thunderstorms. Also, the risk of flashover 
between breaker poles (in open mode), and consequences caused by 
such phenomena are determined by this parameter. 
Flash and stroke duration (and possible continuing currents between 
strokes) determine the amount of charge and energy injected in the 
various parts of the power system, including protective devices (surge 
arresters etc.). 
For applications in power system operations, more general 
thunderstorm data are needed. Such data may be provided by modern 
lightning location systems, and could be essential for short-term 
warning, system reliability, personal safety etc. 
LIGHTNING STRESSES ON ARRESTERS 
According to Rakov et al. (1994), around 50% of all CG flashes 
contain subsequent strokes with different spatial terminations on 
ground. This means that the energy of all subsequent strokes is being 
discharged through the same path in about half of all CG flashes. 
Protective surge arresters are thus experiencing the full multi-pulse 
stress in about 50% of the cases. 
A general claim from manufacturers and distributors of surge arresters 
is that their failure rate is small and that only a minor percentage of 
arrester failures is due to lightning. Yet individual electric utilities 
express their concern for arrester failures especially when they are now 
starting to apply them to control increased failure rates at troublesome 
transmission and distribution line locations. 
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The above statement demands a better understanding of both the 
response of presently used surge arresters to multi-pulse lightning, and 
the influence that line parameters such as grounding resistance and the 
surge arrester application method can have on the lightning 
performance of the lines. Stenstrom and Lundquist (1996) recently 
reviewed the energy stresses which transmission line arresters would 
experience under different situations. They warned that energy stress 
on the arresters is influenced by the striking point, the stroke current 
amplitude, the total flash charge and the tower footing resistance. They 
also showed that higher stresses will occur in arresters in the middle of 
the protected section and that protecting only some of the phases in a 
given tower tends to increase the energy stress. Their study showed 
that the towers at both ends of the protected section must have low 
grounding resistance to prevent flashovers in the unprotected sections. 
MULTIPULSE EFFECTS 
The expected effect of multi-pulse lightning is a faster deterioration of 
the surge arresters. Failure modes in porcelain housed arresters have 
been largely attributed to moisture ingress in the past. Polymeric-
housed arresters are expected to drastically reduce this problem due to 
their tight construction, which minimizes air space inside the arrester. 
Time in service for Metal Oxide Surge Arresters, in general, may not 
be sufficient enough to obtain a definite assessment of their 
performance. However, it is clear that polymer designs are presenting 
lower failure rates than the older SiC arresters. The remaining failure 
rates are to be attributed to causes such as inadequate selection or 
grounding, installation in severely polluted areas, etc. Nevertheless, 
recent findings suggest the likelihood that multi-pulsed lightning is 
playing a significant role in the deterioration process of the arresters. 
A significant finding in Darveniza et al. (1997), was that multi-pulse 
currents can give rise to changes in varistor characteristics that are not 
evident during tests with single impulses. This includes the possibility 
of varistor failures. Based on their results, the Australian investigators 
established thermal stability, subsequent changes in residual and d.c. 
reference voltages, and power losses as the basic criteria to assess the 
effects of multi-pulse testing. While other failure mechanisms (varistor 
surface flashover) were also found during the reported tests conducted, 
it was clear that thermal energy from multi-pulses was playing an 
important role in the results. 
An important aspect not to ignore, is that 30 to 50 % of negative flashes 
contain continuing currents lasting 40 ms or longer and that virtually 
all positive flashes have continuing current components in the order of 
100A that can affect surge arresters.  
LIGHTNING PEAK CURRENT DISTRIBUTIONS 
OVERVIEW 
As already noted in this report, the distribution of lightning peak 
currents is a central parameter in lightning protection analysis and in 
the interpretation of lightning-related damage. Peak current 
distributions are typically represented as cumulative distributions, 
usually expressed in terms of “probability of exceeding a value”, as 
shown in Figure 1. All lightning protection analyses that estimate a 
fault/failure rate must implicitly or explicitly employ this peak-current 
probability relationship. Since the peak current distribution is 
approximately log-normal, it is frequently plotted on Normal 
Probability Paper, resulting in a (roughly) straight-line graph. 

As noted earlier, it appears that the peak current distribution may vary 
by region and with season. It should also be expected that cumulative 
distributions are very different for positive and negative ground 
flashes. Given these facts, it is appropriate to try to obtain regional 
estimates of the peak current distributions to help in the interpretation 
of lightning-related problems. 
DIRECT MEASUREMENTS 
There is a limited set of direct measurements of peak current 
distributions, since the experiments are rather difficult to carry out. 
The most complete and quantitative studies have been carried out by 
directly measuring currents from lightning strikes to instrumented 
towers (see Berger et al. (1975); Garbagnati and Piparo (1982)). There 
are several recent or on-going research efforts to obtain tower-strike 
statistics in other regions, (Germany, Austria, Brazil, Columbia). More 
recently, direct estimates of subsequent stroke peak currents have been 
made using lightning strikes to or near instrumented structures 
associated with rocket triggered lightning (Fisher et al., 1993; Rakov 
et al., 1998). 
Both of the direct measurement methods mentioned above suffer from 
various practical limitations. Regarding tower based current 
measurements, there are two issues that may affect their applicability 
to natural ground strikes. Impedance transitions in the structure result 
in reflections that may influence the current waveforms for fast rising 
currents to high towers (Fuchs et al., 1998; Shostak 1999). Some 
researchers also feel that upward leaders from towers preferentially 
attach to downward leader channels that have greater charge, thereby 
biasing the sampling of tower strikes toward higher peak current first 
strokes (Guerrieri et al., 1988). The total effect of these issues is 
difficult to quantify, and do call into question the ”classical” 
median/mean first stroke peak current value of 30-35 kA reported by 
Berger and Garbagnati (1984). 
Peak current estimation based on rocket triggered lightning also has 
two significant limitations. First, the triggering mechanism does not 
produce conventional first strokes. Second, there may be a bias in the 
resulting distribution of currents since these lightning discharges are 
initiated prior to the time of their natural occurrence. 
Even with these problems, direct tower measurements are the best data 
source we have. There is a basis to feel somewhat comfortable with 
direct subsequent stroke peak current measurements, because the 
similarity between the median for tower measurements (12 kA 
reported by Berger, et al., 1975) and the mean values for triggered 
lightning studies (13 kA reported by Fisher et al., 1993; Rakov et al., 
1998). 
INDIRECT ESTIMATES OF THE PEAK CURRENT 
DISTRIBUTION 
All other practical methods of measuring peak current distributions 
involve inferring current from measured peak electric or magnetic 
fields. The most common method, employed by modern lightning 
locating systems, is to measure distant radiation fields (electric or 
magnetic) produced by lightning return strokes. The waveforms of 
interest are in the VLF/LF frequency range, and can be recorded at 
distances of several hundred kilometers. Although this method has the 
distinct advantage that it is easily obtained with today's 
instrumentation and can be applied over large geographical areas, a 
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number of factors limit the accuracy of these estimates, yielding 20-
30% error at best for individual discharges. 
The following paragraphs briefly discuss the basic models, validation 
methods, and limitations. 
Obtaining an estimate of peak current from radiation fields involves 
two major steps – accurate measurement of the necessary electric or 
magnetic field parameters, and use of an appropriate model that 
employs these and other parameters to obtain the peak current 
estimate. Uman and others have developed and evaluated models with 
varying complexity (Rakov and Uman, 1998; Rachidi et al., 1993; 
Nucci et al. 1990). The general conclusion of this body of work is that 
although the precise current waveshape is difficult to deduce from the 
electric or magnetic field waveform, the peak current can be estimated 
to within 20% from the measured broadband peak field using a simple 
Transmission Line Model (TLM). Empirical studies by Willett et al. 
(1989) and Rakov et al. (1992) have demonstrated a strong linear 
relationship between peak electric field and peak current, suggesting 
that the one free parameter in the model – return stroke vertical 
velocity – is fairly constant. The equivalent relationship between peak 
magnetic field and peak current has been shown by Orville et al. (1991) 
and Idone et al. (1993). All of these studies have been carried out on 
subsequent strokes in triggered lightning. Recent informal 
observations at Kennedy Space Center suggest that the relationship 
between subsequent stroke peak current and peak magnetic field may 
also apply to naturally occurring first strokes, but this has not been 
verified in a detailed scientific study. 
Accurate measurement of the field requires calibrated sensors with 
sufficient bandwidth, and an appropriate mechanism to compensate the 
measured field for propagation effects. Cummins et al. (1998b) 
presents a simple parametric method  for obtaining the necessary 
correction, based on the work of Schutte et al., (1988); Herodotou, 
(1990), and Idone et al. (1993). Using this method over a limited range 
(50-600 km) and averaging the corrected field over a number of 
sensors, the estimated field strength can be accurate to about 10 
percent. Combining this error with inherent model limitations results 
in estimated errors on the order of 20-30 percent, which is consistent 
with measurements subsequent strokes over the range of 5 to 60 kA 
obtained by Idone et al. (1993). 
Regarding negative first strokes, it is worth noting that median peak 
current estimates derived from magnetic-field-based measurements in 
the U.S. NLDN are 20-30% lower than those obtained by Berger and 
Garbagnati. Similar differences were recently reported by Diendorfer 
et al. (1998b). These issues are areas of active research. 
Peak current estimates provided by lightning locating systems must be 
used with caution, because some networks will have additional sources 
of error beyond those discussed above. Finally, networks of long 
baselines are more likely to miss lightning of small peak amplitudes. 
This results in a shift of the peak current distribution towards higher 
values. These practical problems do not prevent an individual lightning 
detection network from providing useful relative peak current 
estimates for its own coverage area, but they can prevent inter-
comparison of data obtained from different networks. 
REGIONAL DEPENDENCIES 

Figure 1 shows a comparison of Cumulative Probability of Lightning 
Peak Current between CIGRE curve (CIGRE TF33.11.03, 1979) and 
measurements and estimations made in four tropical sites (Malaysia, 
Rhodesia, Brazil and Colombia), (Torres, 1997). As already mentioned 
above, in the U.S. NLDN and in Austria median peak current estimates 
derived from LLS are significantly lower than the values given in 
Figure 1. It is an open question today, to what extent these differences 
are a result of the applied measuring techniques or an example of 
spatial variations of lighting parameters. Recent findings by Cummins 
et al. (1999) indicate a decrease in mean peak current at high latitudes 
(>45 º N) in North America. 
More basic research seems to be needed to understand regional and 
seasonal variations of lightning. It is reasonable to expect that, for 
instance, the current distribution at sea level and in mountainous 
regions are different. Also, measurements, Hidayat et al. (1996) and 
Hojo et al. (1989), indicate that great variations occur between summer 
and winter thunderstorms. Furthermore, it has been suggested that the 
probability distributions of lightning current varies depending on 
latitude. 
OVERVIEW OF PROTECTION DESIGN  
In electric power transmission and distribution systems, mainly 
overhead lines are exposed to direct lightning flashes and induced 
overvoltages caused by flashes in the line surroundings.  However, 
the over voltages are transferred to cables, transformers and other 
parts of the system as well. Accordingly, lightning protection means 
are to be considered not only for overhead lines, but also for power 
stations, substations, distribution stations etc., including the 
equipment.  SUMMARY OF EXISTING GUIDELINES 
Lightning protection in power systems may be divided in two parts:  
 
(1) Overhead line protection  Lightning is a major cause of transmission and distribution line 
outages, and in order to reduce this number to an acceptable rate, 
effective protection means are necessary. In this regard, shield wires 
and surge arresters are of main importance.  
Shield wires  Ideally, all lightning flashes should terminate on the shield wires 
and be able to discharge the current to earth through the towers 
without creating excessive overvoltages compared to the line 
insulation level. In reality, due to practical design limitations and 
costs, a probability of shielding failures and backflashovers will 
always exist. These probabilities should in general be 
checked/calculated in the line design process. Guidelines in this 
regard are presented in CIGRE Brochure 63 (1991). 
The probability of shielding failures (flashes to a phase conductor) 
is determined by the shield wire position and the geometry of the 
tower. Especially the shielding angle is of importance.  According 
to the Electro Geometric  Model (EGM) the striking distance is 
increasing with the current crest value, and this implies that 
shielding failures mostly occur for lower lightning currents. By 
using the EGM it is possible to design the shielding wires to 
protect against shielding failures involving flash currents below a few 
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kA. However, since the EGM is only an estimate, such predictions 
are an approximation. Nonetheless for a given shielding angle, the 
probability distribution of lightning peak current values determines 
the probability of shielding failure, and is therefore important in this 
regard.  
On the other hand, the probability of backflashover is mainly 
determined by insulation level (BIL) of the line, tower footing 
resistance, tower height, coupling factors between shield wire and 
phase conductors, tower separation and lightning current 
waveshape. In order to make analyses of backflashover probabilities 
with reasonable accuracy, an advanced computation model and 
reliable input data are necessary. Main difficulties are the insulation 
withstand for irregular impulses of short duration,  and ionization  
processes in the earth, which depend on soil and impulse 
characteristics (CIGRE Brochure 63, 1991).  
Since the probability of  backflashover depends on the line insulation 
level, this implies that in the UHV range, outages caused by this kind 
of failures can be eliminated. For lower system voltages, however, 
backflashover is the major cause of line outages. Due to this reason, 
shield wires on MV distribution lines to avoid direct flashes are not 
sufficient  to prevent  lightning-caused  faults. In addition,  for these 
voltage  levels (11 - 33 kV system voltage) induced voltages due 
to flashes near the line are also of concern. Earth wires will to 
some extent reduce this kind of overvoltages, but these wires are 
usually located below the phase conductors without major influence 
on the expected outage rate.  
(2) Station and equipment protection 
 
Line surge arresters  From the previous section it may be noted that shield wires do not 
always provide satisfactory overhead line lightning protection, and 
in recent years, surge protective devices (surge arresters) across the 
line insulation have been introduced. Preliminary operational 
experiences in this regard are promising, (CIGRE Report WG33.11 
TF-3, 1997), and further studies are underway. A major concern in 
this regard are the current and energy stresses on the arresters in 
relation to their withstand capacity. Theoretical calculations based 
on recommended lightning current statistical distributions (including 
stroke multiplicity) have indicated a relatively high risk of arrester 
failures in this case, especially for lines without earth wires. 
However, these results seem not to fit with the preliminary 
experience. More studies are therefore needed.  It is clear that reliable input data (statistical probability 
distributions)  of lightning incidence (Ng, etc.) and lightning current 
characteristics are essential for analyses of overhead line protection. 
In order to make meaningful analyses of the protective effects of 
shield wires as well as line surge arresters, such data are necessary. 
 
Station and equipment protection  Damage to major equipment (transformers, cables etc.) due to 
lightning may be very costly. In addition, considerable losses due 
to non-delivered energy may occur. Direct strikes to equipment, live 
conductors, etc. must be avoided. Therefore a shielding system is 
needed. Basically, the design of this system should be based on 

similar consideration as for the shielding of overhead lines 
discussed in the preceding section of this paper. Additionally, 
overvoltage protection to equipment should be provided. It is 
important to bear in mind that the protective range of surge arresters 
is limited (usually less than some tens of meters, depending on system 
voltage), and that the connecting leads should be as short as possible. 
Refer to the IEC Publication 71-2 and 71-3 (1987). 
 
Usually,  the  incidence  of lightning  flashes  in the  vicinity  of the  
station  (one  or a few line  spans  away),  and  the knowledge of 
their probability, are decisive for the design and location of surge 
protective devices.  
 
LIGHTNING COUPLING TO NEARBY POWER LINES 
De la Rosa et al. (1988) provided input on the coupling between 
lightning electromagnetic fields and the voltage induced in nearby 
power lines over a finitely conducting ground i.e. considering the 
effect of the voltage developed on the line due to the horizontal 
component of the electric field.  
This was done based on extensive measurements on an experimental 
line in Mexico, where a 13.8 kV, 10 m high, 2.8 km distribution line 
was equipped with instrumentation at both ends and lightning electric 
fields and the associated induced voltages along with location of 
lightning relative to the line were recorded simultaneously. This work 
was carried out with the cooperation of the Mexican Institute of 
Electrical Research (IIE), the Institute of High Voltage Research of 
Uppsala University (IfH), the Norwegian Research Institute of 
Electricity Supply (EFI) and ASEA Research (Sweden). 
Measurements included the voltage at one or the two ends of an 
experimental line and the corresponding electric field produced by 
close lightning.  
Results included induced voltage waveform variations in the sub- 
microsecond region and a voltage waveform and polarity clearly 
related to the position of lightning relative to the line.  It was also found 
that lightning strokes terminating on ground close to distribution lines 
can create large overvoltages capable of producing insulation 
flashover. It was shown that waveforms and peak values of lightning-
induced voltage at the ends of the line were greatly affected by the 
ground conductivity and the lightning striking points. This confirmed 
that the coupling of lightning electromagnetic fields had to include the 
contribution of the soil resistivity, and a close agreement was found 
between the adapted transmission line model and the experimental 
measurements.  
The study revealed that circuits without grounded neutral, having a low 
BIL or CFO, operating in areas of high ground flash density or high 
resistivity of the soil,   can experience far more outages due to close 
lightning than those due to direct strokes. These results were further 
revisited and confirmed by De la Rosa et al. (1998). 

FUTURE DIRECTIONS 
 
New  directions  in  this  area  are  expected  to  include more  
statistical correlations  between  lightning  parameters,  aimed  at 
improving  the assessment  of lightning-related outages and damage 
to electric power installations in different world regions. It will be 
important to have additional studies of spatial and temporal 
variations of lightning. Likewise, new research on improving 
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lightning protection of distribution lines should be pursued. 
 

 

  
Figure 1. Comparison of Cumulative Distribution of Lightning Peak 

Current Distribution between CIGRE and four Tropical Sites 
(Malaysia. Rhodesia, Brazil and Colombia) 

Finally, there is a need for more guidance and improved models to 
evaluate the effect of multipulse lightning and continuing currents on 
lightning surge arresters and other protective devices in electric power 
installations and industry. 
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