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SUMMARY 

Railway signalling systems on conventional lines of Japanese railway companies have been damaged from 
lightning, especially in 2008.  Therefore, effective and economical lightning protection measures are necessary 
for railway signalling systems because suspended operation or train delays due to lightning damage may cause 
social disruption. 

For analysing lightning risk and making study for countermeasures against lightning damage, the authors 
therefore measured lightning overvoltages on railway signalling cables, which were laid at the ground surface and 
overhead, and rails in the field to enable quantitative analysis of the frequency of lightning overvoltage 
occurrence.  Moreover, we investigated the correlation of lightning overvoltages (V) on signalling cables and rails 
with lightning conditions, such as the strike current (I) and the strike position (r: distance from the measuring 
position).  From this we deduced the correlation between the lightning overvoltages (V) and I/r, expressed as a 
linear expression. 

From this correlation, the lightning risk for railway signalling systems against lightning conditions can be 
estimated.  In addition, it is possible to calculate the possibility of lightning damage to railway signalling 
equipment. 

1 INTRODUCTION 

Railway signalling systems on conventional lines of Japanese railway companies are sometimes damaged from 
lightning.  Railway signalling systems have made remarkable progress in recent years with their components 
becoming increasingly compact and multi-functional due to the adoption of microcomputers and other electronic 
devices in wide ranges.  However, circuit burnout, system failure and other types of lightning damage frequently 
occur in signalling systems because the electronic devices are easily damaged by lightning surges. 

However, countermeasures against lightning damage are often implemented by trial and error as and when such 
damage occurs in railway signalling systems.  This is not effective, but this is because overvoltages that occur in 
the lightning have not yet been quantitatively analyzed. 

For quantitative analysing of lightning risk and making study for countermeasures against lightning damage, the 
authors measured lightning overvoltages and investigated the correlation of lightning overvoltages and lightning 
condition. 

2 NOTATION 

V: Absolute value of lightning overvoltage [kV] 

I: Absolute value of lightning stroke current [kA] 

r: Distance between lightning strike position and the observing position [km] 

I/r: Lightning condition [kA/km] 

H: Lightning condition which causes lightning hazard to signalling equipment [kA/km] 

GPS: Global Positioning System 

JLDN: Japanese Lightning Detection Network 
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3 OBSERVATION METHODOLOGY 

3.1 Observation Field 

The observation of lightning overvoltages on cables and rails was conducted on an unelectrified and single-track 
railway line running in the Takasaki area, a district of Japan well known for its frequent lightning, during the 
summer of 2010 and 2011.  The main reason of choosing this line is to prevent observed overvoltages to be 
changed by electromagnetic field and noise from overhead wires and track circuits. 

3.2 Constitution of the Observing System 

Constitution of the observing system is shown in Figure 1.  With this system, the authors measured lightning 
overvoltage to ground of the shielded cable’s core and sheath, the unshielded cable’s core and the rails.  We also 
measured overvoltage on the overhead electrical cable used as electrical power for activating observing system 
for investigating difference of overvoltage between on ground surface cables and on overhead cables.  If the 
lightning overvoltage over the trigger level of the observing system (Ground surface cable and rail:+/- 125V, 
Overhead cable: +/- 625V) occurs on one of these observing channels, every voltage waveform whose length is 
102.5 µs (50 ns x 2048 samples) and the time of day obtained from the GPS antenna are saved. 

 

Figure 1: Constitution of the Observing System 

3.3 Condition of Cables 

The observation period was separated into two stages, first stage and second stage.  For investigating the effect 
of grounding, in the first stage, one of the ends of shielded cable’s sheath was connected to the grounding pole 
as shown in Figure 2, but in the second stage, it was opened as shown in Figure 3.  In both stages, on both ends 
of cables, 1k ohm resistances were inserted between two cable cores as shown in Figure 2 and Figure 3.  These 
resistances simulated for electrical load of signalling equipment. 
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Figure 2: Condition 1 (First Stage) 

 

 

Figure 3: Condition 2 (Second Stage) 

4 GENERATING  MECHANISM  OF  LIGHTNING  OVERVOLTAGE 

The height above the ground of railway signalling equipment is low, therefore it is not predicted that signalling 
equipment is destroyed by direct hit of lightning stroke.  Strong impulsive electromagnetic field by lightning 
consists of static electric field, induction field and radiated electromagnetic field.  The strength of these fields is 
proportional to -3 powers, -2 powers and -1 power of distance, so far from the strike position radiated 
electromagnetic field is dominant.  If the lightning stroke is simulated by linear current source, then the voltage 
generated by radiated electromagnetic field is calculated by equation (1) below; 
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                (1) 

I: Current, r: Distance away from lightning, c: Speed of light, t: Time,  

υ : Speed of lightning current (about 0.7c),  
0
ε : Electric permittivity in vacuum air. 

From equation (1), it is seen that lightning overvoltage (V) is proportional to current of lightning (I) and inversely 
proportional to distance from strike position (r). 

In this research, data of I and r are acquired by JLDN (Japanese Lightning Detection Network).  Figure 4 is one of 
the examples of lightning’s strike position observed by JLDN.  Though not included in Figure 4, the data have not 
only strike position, but also lightning current and the time of day by GPS.  The authors checked which lightning 
generated lightning overvoltage using the GPS time saved in waveforms of lightning overvoltage and lightning 
data from JLDN. 

Incidentally, it is estimated that the number of lightning acquired by JLDN is slightly more than 80% that of actual 
lightning, and strike position is different from actual position no more than 0.5 km. Lightning current has also an 
accidental error, but it is not evaluated quantitatively. 
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Figure 4: Strike Position Map Acquired by JLDN 

5 RESULT 

5.1 Properties of lightning 

Through the observation period, about 1000 lightning strikes occurred in the area within 10km radius from the 
observing position.  Of these, 222 lightning strikes generated lightning overvoltage over trigger level of the 
observing system.  Figure 5 shows properties of lightning, a horizontal axis stands for r, a vertical axis stands for I, 
lightning which generated overvoltage higher than or equal to trigger voltage shown by red circle marks and lower 
than it shown by blue cross marks.  From Figure 5, it can be said that the higher I is and the shorter r is, the 
higher the possibility of generation of lightning overvoltage over the trigger level is. 

 

Figure 5: Properties of Lightning 
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5.2 Example of waveforms 

Figure 6 is one of examples of overvoltage’s waveforms generated on the shielded cable’s core, the rail and the 
overhead cable.  The time of day was June 29th in 2011, 19:09:54, I was -22kA, r was 3.193km.  The absolute 
value of overvoltage generated on materials laid at ground was from 100V to 160V, whereas that on the overhead 
cable was over 2kV.  

 

(a) On the Shielded Cable 

 

(b) On the Rail 

 

 (c) On the Overhead Cable 

Figure 6: Example of Lightning Overvoltage Waveforms 
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5.3 Absolute Value of Lightning Overvoltage 

5.3.1 Difference caused by grounding 

For investigating effect of grounding and shielding of cables, Figure 7 shows comparison of overvoltage on the 
shielded cable core in condition 1 and 2 and the unshielded cable core.  A horizontal axis stands for I/r (lightning 
condition), a vertical axis stands for absolute value of lightning overvoltage.  Lines in Figure 7 are linear 
approximate equations calculated by each plot.  From these lines, it is supposed that in condition 1, value of 
lightning overvoltage was slightly higher than that in condition 2 and the unshielded cable in the same lightning 
condition.  However, this difference was insignificant.  This result indicates that grounding or the use of a shielded 
cable is not effective as a countermeasure of lightning overvoltage and lightning hazard. 

 

Figure 7: Overvoltage on the Cables’ Core 

 

5.3.2 Difference between laid on ground materials and the overhead cable 

Figure 8 shows lightning condition and lightning overvoltage on the unshielded cable core, the rail and the 
overhead electrical cable.  As these plots show, value of lightning overvoltage generated on the overhead 
electrical cable was roughly about 10 times as large as that on the unshielded cable and the rail.  This may be 
because the overhead electrical cable was more susceptible to radiated electromagnetic field.  Therefore if 
signalling equipment uses electrical power from overhead cables, it may be necessary to protect with lightning 
protection transformer. 

Value of overvoltage had variability even on the same material and in the same lightning condition.  I and r 
acquired by JLDN included accidental error, the data of lightning by JLDN do not include lightning’s current 
waveforms (if the current drifts upward more rapidly, generated overvoltage would become higher), therefore 
generated lightning overvoltage based on I/r have variability. 

Three lines shown in Figure 8 are “estimated equations”. These equations include 97% of plots and it is possible 
to estimate value of lightning overvoltage from lightning condition by using them.  The reason that these 
equations include 97% of plots, not half like linear approximate equations, is for higher estimation of lightning 
overvoltage. 

 

o: Shielded cable, condition 1 (with grounding) 

x: Shielded cable, condition 2 (open) 

+ : Unshielded cable 
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Figure 8: Overvoltage on ground cables, rail and overhead cable  

5.4 Estimation of Lightning Overvoltage from Lightning Condition 

Now the existence of signalling equipment whose surge breakdown voltage is 10 kV and which is connected a 
shielded cable on the ground is postulated.  According to the estimated equality for shielded cable core, the 
lightning condition that the overvoltage reaches 10 kV is I/r = 677.9 kA/km, therefore if I is 31 kA and r is less than 
46 m, this signalling equipment will be destroyed by lightning overvoltage because overvoltage on the cable 
connected it reaches 10 kV. 

With the same method, lightning overvoltage on an overhead electrical cable reaches 10 kV when I/r is more than 
or equal to 59.2 kA/km (e.g. I is 31 kA, r is shorter than 520 m).  Therefore signalling equipment connected 
overhead cables is destroyed more easily even if I is low or r is long. 

5.5 Estimation of the Possibility of Lightning Hazard 

As mentioned in the preceding section, lightning condition that causes lightning hazard of signalling equipment is 
estimated by an estimated equation and lightning withstand voltage of signalling equipment.   

Accumulated frequency distribution of I [kA] (P1(I)) is calculated by the equation (2). 
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A certain lightning condition which causes lightning hazard to signalling equipment is defined to H [kA/km].  Then, 
H is calculated by equation (3) and (4), which are on the ground that estimated equation. 

 

: Unshielded cable core 

V = 0.0145(I/r)+0.17 

: Rail 

V = 0.0134(I/r)+0.19 

: Overhead electrical cable 

V = 0.142(I/r)+1.6 
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baHV withstand +=    (3) 

( ) abVH withstand −=    (4) 

Vstand: Lightning withstand voltage of signalling equipment [kV],  
a: slope of estimated equation, b: intercept of estimated equation 

Then, when the lightning hazard occurs to signalling equipment, I is expressed by Hr, therefore, P1(r) is 
expressed by equation (5). 
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If there is lightning in the area within 10km radius from signalling equipment, the possibility that the distance 
between strike position and signalling equipment is shorter than or equal to certain r (P2(r)) is calculated by 
equation (6). 
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Therefore, the possibility that the lightning which has a value of current large enough to cause lightning hazard 
occurs at certain distance is calculated as product of P1(r) and P2’(r).  Then the integration of it in the range that r 
is from 0 km to 10 km stands for the possibility of lightning hazard per one lightning, and equation (7) shows a  
estimated number of lightning hazard per year. 
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Nh: The number of lightning hazard per year [times], Nl: The number of lightning stroke in the area within 10km 
radius from signalling equipment per year [times] 

As mentioned in the preceding section, lightning hazard occurs to the signalling equipment whose lightning 
withstand level is 10 kV and which is connected to the overhead cable when I/r is 59.2 kA/km, therefore in this 
case, H is defined to 59.2.  According to the equation (7), if Nl is 1000 times, the number of lightning hazard per 
year of it is 1.30 times/year.  With using the estimated equation in such way, it is possible to calculate the risk of 
lightning hazard occurrence, and from this evaluation, it is possible to consider whether the lightning withstand 
voltage is sufficient. 

6 CONCLUSION 

By observing lightning overvoltage on the rail, the cables on the ground and overhead generated by actual 
lightning, the correlation between lightning overvoltage and lightning condition was determined.  The value of 
lightning overvoltage on the cables on the ground was not much different if cable’s conditions were changed such 
as grounding or shielded.  Therefore, if it is necessary to decrease overvoltage, it is recommended to connect a 
protective device. 

The value of lightning overvoltage on the overhead cable was about 10 times as large as that on the cable on the 
ground.  So if signalling equipment uses electrical power from overhead cables, it may be necessary to protect 
with lightning protection transformer.  We have a plan to make further measurements using a new overhead cable 
beside the railway only for observing, not for getting electrical power, as for the cables on the ground. 

From the result of observing, we developed an expression for estimating lightning overvoltage from lightning 
condition.  It made it possible to estimate the lightning condition which causes lightning hazard, the possibility of 
lightning hazard and the number of lightning hazard to signalling equipment.  From this estimation, it is also 
possible to consider lightning withstand voltage needed for signalling equipment and effect of countermeasures 
for decreasing the lightning hazard. 


