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Abstract 

This note examines the responses of four different types of shielded cables to a 

direct lightning strike. The cables are buried in the ground and run between two 

shielded enclosures, one of which is struck by lightning. An induced current flows on 

the cable shield and this induces a voltage on the inner conductors within the shield 

Using several different models, this voltage is estimated and the effectiveness of the 

various shields is determined From this study, requirements for lightning surge 

protection devices can be developed for this system. 



1. Introduction

Naturally occurring lightning often poses a severe threat to modern electronics 

equipment. Successively smaller and more sensitive electrical components may suffer logic 

upset or permanent damage at induced signal levels that, in the past, had been considered 

safe. As a result, there is considerable interest in estimating the possible range of lightning­

induced surges within shielded enclosures containing advanced electronics. 

This note documents a study undertaken to evaluate the lightning-induced voltages 

on shielded signal or power cables within a protected building. The configuration of the 

problem of interest is illustrated in Figure 1. A well-protected building (similar in 

construction to a Faraday cage) is located in a prominent position that is susceptible to 

direct lightning strikes. This building has communication antennas, together with other 

appendages that attract the lightning. It is this current surge may adversely affect internal 

equipment within the building. 

Figure 1. Illustration of two shielded enclosures connected by a buried, shielded cable 

and excited by a direct lightning strike. 
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the transmission line within the cable shield, as shown in Figure 3a .. As will be seen later, 

the lightning current varies so slowly that the voltage sources in the distributed circuit can 

be lumped together as one source, and a simple lumped circuit may be used to represent the 

internal signal wires excited by the lightning current. This is illustrated in Figure 3b. 
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Figure 3. Circuit diagrams for evaluating the internal conductor voltage due to a 

direct lightning strike. 

In this note, a numerical study of the response of the system of Figure I is 

described. Section 2 discusses nature of the assumed lightning current that induces current 

on the long buried cable shield, and various models for computing this current division on 

the structure are discussed in Section 3. 

Section 4 continues with the development of the system model illustrated in Figure 2 

for estimating the internal load response voltages at the equipment, given the external shield 

current. Using this model, various response levels are calculated for four different types of 

cable shields, and these results are summarized in Section 5. Finally, Section 6 concludes 

with a brief summary of the important results of the study. 
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2. The Lightning Environment

The first step in conducting this analysis is to develop an estimate of the lightning 
current that is injected onto the exterior of the protective enclosure. Significant work in this 
area has been reported, and like the high altitude electromagnetic pulse (HEMP) 
environment t, there is no one universally accepted specification for the current that flows in 
a cloud-to-ground discharge. This is due to the fact that there can be large variations in 
observed lightning current waveforms. 

A common approach taken in characterizing the lightning is to use a statistical 
representation for the probabilities of occurrence of important waveform parameters, such 
as the peak current and the maximum rate of rise. As an example, Figure 4 illustrates the 
cumulative probability distributions for the peak current of the first and subsequent lightning 
strikes to ground. We note that only about I 0% of the observed first strikes will exceed a 
peak value of 50 kA, which is a commonly used value for a lightning stroke. 

Similarly, Figure 5 illustrates the statistics for the peak rate of rise of the lightning 
current (in kA/µs) for the first and subsequent strokes. Note that in this simple view of the 
lightning environment, the data presented in Figure 4 and Figure 5 are taken to be 
independent. In reality, however, there is a correlation between the lightning peak value and 
rate of rise, and a more sophisticated statistical analysis is needed to account for this 
correlation. 
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Figure 4. Statistics of the peak currents for the first and subsequent cloud-to-ground 
lightning strikes (from [1].) 

t The HEMP responses of the same structure treated here are discussed in another companion Interaction Note 631. 

4 



1000 

500 sub equen 

200 

100 

50 rn 

20..... 
10 

5 � 

2 

0.01 1 10 50 90 99 99.99 

percent exceeding 

Figure 5. Statistics of the peak rate of rise of the current for the first and subsequent 

cloud-to-ground lightning strikes (from [1].) 

It is useful to summarize the first-strike statistics of the lightning waveform in terms 

of a "severity level" of the strike. By defining the severity level as the complement of the 

"percent exceeding" values of Figure 4 and Figure 5, the data may be expressed as a 

percentage of strikes that are lower than the specified value. That is to say, a strike with a 

severity level of 90% will be such that 90% of all strikes will have a lower amplitude ( or rate 

of rise), and 10% of all strikes will have a larger response. The first-strike statistical data in 

these figures are presented in Table 1. 

Table 1. Peak lightning currents and rates of rise for different severity levels for a 

direct lightning strike. 

Based on these and other measurements, several different specifications of lightning 

channel current have been published. For example, ref.[2] postulates the relatively simple 

waveform shown in Figure 6, which according to [l], has been used in the design of the 

Space Shuttle. This waveform has a peak amplitude of 50 kA and a peak derivative of 25 

kA/µs, which provides a lightning current at severity level of about 90%. 

The spectral response magnitude of this transient lightning current is illustrated in 

Figure 7, and it contains significant components up to approximately 10 kHz. In reality, the 

actual lightning spectrum will have significant high frequency components, but this is not 

evident from this postulated waveform due to its very simple early-time behavior. 
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Figure 6. Lightning current specification used for the Space Shuttle (from [1 ]). 
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Figure 7. Spectral amplitude for the lightning current of Figure 6. 

Note that other lightning current specifications are possible. Appendix A discusses a 

commonly used environment for computing the radiated EM field responses of transmission 

lines near a lightning channel. This alternate lightning waveform has a significantly lower 

peak value than the more stressing waveform shown in Figure 6. In fact, a comparison of 

the peak value of 12 kA of this waveform shows that about 92% of all lightning discharges 

will be expected to have a current larger than this level. As a consequence, for determining 

reasonable worst-case estimates of lightning responses of buildings and cables, the 50 kA 

lightning environment will be used. 
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Figure 8. Illustration of a direct lightning strike on a building with a buried, shielded 

cable. 

As an example of this procedure, consider a typical building with floor dimensions 3 

x 4 meters and a height of 3 meters. The region surrounding the building, cable and channel 

is filled with a 61 x 61 x 101 finite difference mesh, as shown in Figure 9. With the 

dimensions of the unit cells set to L'.1x = L'.1y = L'.1z = 0.29 meters, the resulting time step for 

these FDTD calculations is L'.1t ::::: 0.56 ns. To adequately sample the lightning waveform 

( assumed to be about 100 ms long) would require on the order of 180 million time steps­

clearly beyond the realm of possibility of present computers. Thus, while the FDTD 

calculation cannot be used to answer questions about the late-time interactions of the 

lightning with the building and cable, it can be used to study the early-time attachment of 

the channel to the roof and the initiation of the current splitting process. 

To this end, a FDTD simulation of the lightning interaction was undertaken. A long, 

perfectly conducting lightning channel of radius 10 cm was run vertically from the center 

point of the enclosure roof as shown in Figure 9. Along this conductor, a transient voltage 

source supplying a Gaussian waveform was located at cell 36 directly above the building. 

The enclosure was assumed to have a foundation depth of approximately 0.9 meters, and 

the buried cable was at a depth of 0. 6 meters. The electrical conductivity of the ground was 

0.01 S/m and the cable radius was assumed to be 10 cm. 

While the FDTD calculation is conducted using the E and H fields in the mesh, 

currents on the wires can be computed by integrating the H-field around a closed contour 

surrounding the wire [3]. This permits the estimate of the current flowing onto the enclosure 

and away from it on the buried cable. As an example of the behavior of the computed 

lightning channel current, Figure 10 presents a surface plot of the current, with time on the 

x-axis and the channel location along the y-axis. The vertical z-axis indicates the strength of

the current.
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Table 2 Electrical parameters and dimensions for the cable shields 
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To compare the shielding of the four cables, Figure 22 plots IZ'tl for all cables 

together on the same diagram. At low frequencies, IZ' ti becomes purely resistive and the DC 

values computed for the cables are summarized in Table 3. Also shown in this table are the 
corresponding measured values 1. Agreement between the theoretical and numerical results is 
reasonable. 

Table 3. DC per-unit-length resistance values 

for the various cable shields. 

5.3 Internal Voltage Responses 

With the transfer impedances of the cables defined and a model for the coupling 
mechanisms of the lightning current developed, it is possible to estimate the lightning 
induced cable responses for the shields. To have a consistent excitation function for all 
cases, the normalized lightning waveform g(t) shown in Figure 23 is assumed. The lightning 
transient excitation current is then expressed as 

(17) 

where the amplitude 1
0 

is chosen to be 50 kA. The corresponding spectral magnitude of the 

normalized waveform function g( w) is shown in Figure 7, if the curve is scaled by a factor of 
50,000. 

1 

Measured results were provided by Prof. M. Ianoz of the EPFL in Lausanne. 
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6. Summary

It is clear that the version 1 cable offers the best protection. This is due to the 
magnetic effects of the shield. Because the version 4 shield also has a slight amount of 
magnetic material in the form of a protective steel wire layer, this latter cable also provides a 
reasonable amount of shielding and protection against the lightning surge. The version 2 
cable offers a smaller amount of shielding, and the version 3 cable is the worst, due to its 
relatively low electrical conductivity. 

To summarize the expected load voltage surges induced by a direct lightning strike 
of the system, Table 4 presents the peak values of the voltage, the rates ofrise, and the 50% 
fall times for the four cable shield versions, assuming a 1 km line length. Given the nature of 
internal electronics equipment, these data will assist in defining the necessary lightning 
protection requirements. 

Table 4. Summary of lightning-induced voltage surge 

characteristics for a 1 km buried line. 
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Appendix A 

Description of an Alternate Lightning Environment 

A different lightning channel current model has been recently used in ref [Al], and is 

discussed in ref [ A2] Unlike the piece-wise linear waveform of Figure 6, this alternate 

environment has an analytic representation of the transient current. It is expressed by a sum

of two functions, each of the form 

(Al) 

where 17 is an amplitude normalization factor defined as 

(A2) 

so that the peak value of the transient waveform is /0 . The parameters required for the two 

functions to resemble a measured lightning return current waveform are summarized in 

Table Al, with the resulting transient current waveform and its Fourier spectrum shown in 

Figures Al and A2, respectively. 

Table Al. Parameters for representing the current 

waveform at the base of a lightning channel. 
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