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Abstract: A lightning protection system (LPS), such as a lightning rod, is designed to protect 
buildings, infrastructure, and people by safely channeling lightning's electrical discharge into the 
ground in a controlled manner. However, the lightning current flowing through the down 
conductors can create a disruptive electromagnetic environment inside the protected structure. 
Thus, modeling becomes necessary for their characterization. In this paper, an approach based 
on the transmission lines theory (TL) and the finite-difference time-domain method (FDTD) has 
been proposed to quantify electromagnetic transients inside the protected structure. The radiated 
electromagnetic field by the lightning’s current flowing through the down conductors is used as 
forcing functions in Agrawal electromagnetic coupling equations. The induced currents and 
voltages on an overhead horizontal conductor inside the structure is calculated above a perfectly 
conducting ground. A Comparison with published results is conducted to assess the validity of 
the approach. Furthermore, the benefits of having one or two down conductors are explored and 
analyzed. 
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1. Introduction 
 Due to lightning’s destructive potential for infrastructure and electrical installations, 
lightning protection systems (LPS) play a critical role in risk reduction. The most common means 
of lightning protection remains the lightning rod. 
 The lightning rod is one of the most widely used lightning protection systems in the world. 
Due to its point effect, it attracts lightning and thus prevents its surroundings from being directly 
struck by the lightning leader. However, the presence of a lightning protection system can be 
dangerous for the environment to be protected. In fact, the forwarding of the lightning transient 
current through the down conductors to the grounding systems is often the source of 
electromagnetic compatibility (EMC) problems which should be taken into consideration. 
 Indeed, the current distribution along the down conductors emits an electromagnetic field 
liable to disturb the equipment inside the structure to be protected through induced currents and 
voltages [1 - 3]. 
 Numerous studies have investigated through both computational modeling and experimental 
measurements the electromagnetic environment within structures during lightning strikes [4 – 
9]. In recent research, the primary computational methods for analyzing the indoor 
electromagnetic environment during lightning strikes include the circuit-based approach, 
Method of Moments (MoM), and Finite-Difference Time-Domain (FDTD) technique. In the 
electric circuit-based approach, the system is partitioned into lumped-parameter circuits based 
on quasi-static approximations. However, this method requires intricate setup procedures and is 
computationally intensive. Additionally, it fails to account for the high-frequency components 
of lightning currents, limiting its accuracy [10 – 14]. While widely adopted, the Method of 
Moment involves computationally expensive matrix operations. Furthermore, time-domain 
results necessitate inverse Fourier transforms, and its frequency-domain solution of Maxwell’s 
equations makes it unsuitable for wideband simulations due to inherent point-frequency 
limitations [1], [15]. The Finite-Difference Time-Domain (FDTD) method has also been 
employed to solve Maxwell's equations numerically [16], [17]. However, its application has been 
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largely restricted to simplified geometries due to the requirement for volumetric meshing of the 
entire computational domain, which results in prohibitively high computational costs. 
 These different authors present valuable observations and conclusion regarding the 
symmetrical arrangement of several down conductors, it minimizes the voltage drop induced in 
the protection system, reduces the voltage difference between the equipment connected to the 
down conductors system at different heights as well as the voltages that can electrocute people, 
and minimizes the magnetic field inside the structure to be protected [18 – 20] (the time variation 
of this magnetic field being potentially responsible for damaging the electronic equipment). 
 The passage of these transient currents in the down conductors is not without effect, the 
ground loop is often of large surface, the electromagnetic radiation of this one is generally found 
coupled to the various neighboring equipment and can cause stray currents by induction. It is 
therefore crucial to quantify and characterize this electromagnetic radiation in order to have at 
least optimal protection of the lightning protection system. 
 For filiform structures subjected to electromagnetic disturbances with frequency spectra 
below approximately 10 MHz (typical of lightning phenomena), the transmission lines approach 
is well suited for the study of electromagnetic coupling. In addition to the very acceptable 
accuracy of the results, it offers the advantage of easy implementation and acceptable calculation 
times. The coupling equations are solved using the finite-difference time-domain method 
(FDTD). 
 This case study examines a 50m-high x 10m-wide structure protected by a lightning rod 
installed at the geometric center of the roof, with singular down conductor grounding (figure1). 
A 10-meter-long power line, installed 1 meter above ground and spaced 10 meters horizontally 
from the down conductor, is subject to electromagnetic coupling from the transient fields 
generated by lightning current propagation along the down conductor. Terminations matching 
the line’s characteristic impedance are applied to model realistic wave propagation. 
 The down conductors are modeled as vertical antennas above a perfectly conducting ground. 
Lightning current injection at down conductors’ bases follows the Heidler function waveform 
formulation [21]. Current attenuation along down conductors is accounted for using MTL model 
[22] with an attenuation rate of 2×10³ km. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Studied structure with one down conductor (H=50m, L=10m) 
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2. Methodology 
A. Transmission Line Equations 
 Transmission line theory provides the framework for analyzing electromagnetic wave 
propagation along linear conductive structures. The approach derives from a pair of coupled 
partial differential equations (telegrapher’s equations) that govern the spatial and temporal 
evolution of voltage and current distributions along the conductor subject to the electromagnetic 
disturbance [23 – 26]. 
 The coupling equations can be expressed in the form of three equivalent models [26 – 28]. 
For the case of a lossless line, the Agrawal coupling model [27] can be written in time domain 
as: 
 𝑑𝑑𝑢𝑢𝑠𝑠(𝑥𝑥,𝑡𝑡)

𝑑𝑑𝑑𝑑
+ 𝑅𝑅. 𝑖𝑖(𝑥𝑥, 𝑡𝑡) + 𝐿𝐿 𝜕𝜕𝜕𝜕(𝑥𝑥,𝑡𝑡)

𝜕𝜕𝜕𝜕
= 𝐸𝐸𝑥𝑥𝑒𝑒(𝑥𝑥, ℎ, 𝑡𝑡)                                                                                      (1) 

 𝑑𝑑𝑑𝑑(𝑥𝑥,𝑡𝑡)
𝑑𝑑𝑑𝑑

+ 𝐺𝐺.𝑢𝑢𝑠𝑠(𝑥𝑥, 𝑡𝑡) + 𝐶𝐶 𝜕𝜕𝑢𝑢𝑠𝑠(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝜕𝜕

= 0                                                                                           (2) 
 
Where: 
 𝐸𝐸𝑥𝑥𝑒𝑒(𝑥𝑥, ℎ, 𝑡𝑡) is the tangential component of the exciting electric field on the line; 
 R, L, G, C are respectively the resistance, inductance, conductance and linear capacitance of  
 
the line; 
 𝑢𝑢𝑠𝑠(𝑥𝑥, 𝑡𝑡) is the diffracted voltage; 
 𝑖𝑖(𝑥𝑥, 𝑡𝑡) is the induced current. 
 
The boundary conditions expressed in terms of the diffracted voltage are given by: 
 𝑢𝑢𝑠𝑠(0, 𝑡𝑡) = −𝑍𝑍𝐴𝐴. 𝑖𝑖(0, 𝑡𝑡) + ∫ 𝐸𝐸𝑧𝑧𝑒𝑒(0, 𝑧𝑧, 𝑡𝑡)𝑑𝑑𝑑𝑑 ℎ

0                                                                                (3) 
 𝑢𝑢𝑠𝑠(𝑙𝑙, 𝑡𝑡) = 𝑍𝑍𝐵𝐵. 𝑖𝑖(𝑙𝑙, 𝑡𝑡) + ∫ 𝐸𝐸𝑧𝑧𝑒𝑒(𝑙𝑙, 𝑧𝑧, 𝑡𝑡)𝑑𝑑𝑑𝑑 ℎ

0                                                                                  (4) 
 
 Where 𝑍𝑍𝐴𝐴 and 𝑍𝑍𝐵𝐵 are the termination impedances of the line. 
 The electric field components 𝐸𝐸𝑥𝑥𝑒𝑒 and 𝐸𝐸𝑧𝑧𝑒𝑒, radiated by the lightning current of the down 
conductor, were computed using the Hertzian dipole method. This analytical approach is derived 
by solving Maxwell’s equations in terms of retarded scalar and vector potentials [29], [30]. The 
method is applicable in both the time and frequency domains. However, a direct time-domain 
solution is more suitable in our case, as it facilitates efficient handling [31]. The results of these 
electromagnetic field calculations were presented in [20]. 
 
B. FDTD-Based Time-Domain Analysis of Coupling Equations 
 The FDTD meshes are illustrated in figure 2. The conductor is subdivided alternately into 
current and voltage nodes; two consecutive nodes of the same type are separated by an interval 
Δx, and the two ends of the line are defined as voltage nodes. 
 
 
 
 
 
 
 

 
 
 

Figure 2. FDTD meshes on the line 
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The time and spatial meshes will be: 

 �
(𝑢𝑢𝑠𝑠)𝑘𝑘𝑛𝑛 = 𝑣𝑣𝑠𝑠�(𝑘𝑘 − 1)Δ𝑥𝑥,𝑛𝑛Δ𝑡𝑡�

(𝑖𝑖)𝑘𝑘𝑛𝑛 = 𝑖𝑖�(𝑘𝑘 − 1)Δ𝑥𝑥,𝑛𝑛Δ𝑡𝑡�
 (𝐸𝐸𝑥𝑥𝑒𝑒)𝑘𝑘𝑛𝑛 = 𝐸𝐸𝑥𝑥𝑒𝑒�(𝑘𝑘 − 1)Δ𝑥𝑥,𝑛𝑛Δt, 𝑧𝑧 = ℎ�

                                                                                                   (5)                                  

 
 with: 𝐿𝐿 = (𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 − 1)Δ𝑥𝑥 and 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚Δ𝑡𝑡. 
 Using the Finite-Difference Time-Domain (FDTD) method and neglecting the convolution 
integral, we can discretize equations (1), (2), (3) and (4) and solve them directly in the time 
domain: 

 (𝑢𝑢𝑠𝑠)𝑘𝑘+1
𝑛𝑛 −(𝑢𝑢𝑠𝑠)𝑘𝑘

𝑛𝑛

Δ𝑥𝑥
+ 𝑅𝑅

(𝑖𝑖)𝑘𝑘+1/2
𝑛𝑛+1/2−(𝑖𝑖)𝑘𝑘+1/2

𝑛𝑛−1/2

2
+ 𝐿𝐿

(𝑖𝑖)𝑘𝑘+1/2
𝑛𝑛+1/2−(𝑖𝑖)𝑘𝑘+1/2

𝑛𝑛−1/2

Δ𝑡𝑡
= (𝐸𝐸𝑥𝑥𝑒𝑒)𝑘𝑘+1/2

𝑛𝑛+1                                               (6) 

 
(𝑖𝑖)𝑘𝑘+1/2

𝑛𝑛+1/2−(𝑖𝑖)𝑘𝑘−1/2
𝑛𝑛+1/2

Δ𝑥𝑥
+ 𝐺𝐺 (𝑢𝑢𝑠𝑠)𝑘𝑘

𝑛𝑛+1−(𝑢𝑢𝑠𝑠)𝑘𝑘
𝑛𝑛

2
+ 𝐶𝐶 (𝑢𝑢𝑠𝑠)𝑘𝑘

𝑛𝑛+1−(𝑢𝑢𝑠𝑠)𝑘𝑘
𝑛𝑛

Δ𝑡𝑡
= 0                                                                  (7) 

 
The solution is given by: 
For k=1,…….,kmax-1 ; 

 (𝑖𝑖)𝑘𝑘+1/2
𝑛𝑛+1/2 = � 𝐿𝐿

Δ𝑡𝑡
+ 𝑅𝑅

2
�
−1
�(𝐸𝐸𝑥𝑥𝑒𝑒)𝑘𝑘+1/2

𝑛𝑛+1 − (𝑢𝑢𝑠𝑠)𝑘𝑘+1
𝑛𝑛 −(𝑢𝑢𝑠𝑠)𝑘𝑘

𝑛𝑛

Δ𝑥𝑥
+ � 𝐿𝐿

Δ𝑡𝑡
+ 𝑅𝑅

2
� (𝑖𝑖)𝑘𝑘+1/2

𝑛𝑛−1/2�                                     (8) 
 
For k=2,…….,kmax-1 ; 

 (𝑢𝑢𝑠𝑠)𝑘𝑘𝑛𝑛+1 = � 𝐶𝐶
Δ𝑡𝑡

+ 𝐺𝐺
2
�
−1 (𝑖𝑖)𝑘𝑘−1/2

𝑛𝑛+1/2−(𝑖𝑖)𝑘𝑘+1/2
𝑛𝑛+1/2

Δ𝑥𝑥
+ � 𝐶𝐶

Δ𝑡𝑡
+ 𝐺𝐺

2
� (𝑢𝑢𝑠𝑠)𝑘𝑘𝑛𝑛                                                                (9) 

For the case of resistive terminations (RA et RB), the boundaries conditions are : 

 (𝑢𝑢𝑠𝑠)1𝑛𝑛+1 = � 𝐶𝐶
Δ𝑡𝑡

+ 2Δ𝑥𝑥
𝑅𝑅𝐴𝐴
�
−1
�
−(𝑖𝑖)1/2

𝑛𝑛+1/2

Δ𝑥𝑥
+ � 𝐶𝐶

Δ𝑡𝑡
+ 2Δ𝑥𝑥

𝑅𝑅𝐴𝐴
� (𝑢𝑢𝑠𝑠)1𝑛𝑛�                                                               (10)    

 (𝑢𝑢𝑠𝑠)1𝑛𝑛+1 = � 𝐶𝐶
Δ𝑡𝑡

+ 2Δ𝑥𝑥
𝑅𝑅𝐴𝐴
�
−1
�
−(𝑖𝑖)1/2

𝑛𝑛+1/2

Δ𝑥𝑥
+ � 𝐶𝐶

Δ𝑡𝑡
+ 2Δ𝑥𝑥

𝑅𝑅𝐴𝐴
� (𝑢𝑢𝑠𝑠)1𝑛𝑛�                                                                  (11) 

For the stability of the FDTD, the time step Δt be smaller than the propagation time between two 
adjacent nodes as below: 
 Δ𝑡𝑡 ≤ Δ𝑥𝑥

𝑣𝑣𝑝𝑝
                                                                                                                                           (12) 

 
3. Results And Discussion 
A. Validation 
 To verify the established model of the electromagnetic coupling, we consider the same 
configuration as reported by Rachidi [32]. He examined a system consisting of an overhead 
conductor 1 km in length, situated at a height of 10 meters above a perfectly conducting ground. 
The line is assumed to be terminated at its characteristic impedance at both ends. The radiating 
antenna (the lightning channel in this case) is considered symmetric relative to the two 
terminations and located at a distance of 50 meters from the line (Figure 3). 
 
 
 
 
 
 
 
 

Figure 3. Geometry used by Rachidi [26] 
 
The current at the base of the antenna has a peak value of 12 kA and is represented by the Heidler 
analytical function (table 1) [21]: 

Impact 
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 𝐼𝐼(0, 𝑡𝑡) = 𝐼𝐼0
𝜂𝜂

(𝑡𝑡 𝜏𝜏1⁄ )𝑛𝑛

1+(𝑡𝑡 𝜏𝜏1⁄ )𝑛𝑛
exp �−𝑡𝑡

𝜏𝜏2
�                                                                                                           (13) 

 
Its parameters values are given in the table below:  
 

Table 1. Parameters of Heidler expression 
 

 
 
 
 
 
 The electromagnetic field is calculated using the dipole method starting from the current at 
the base of the channel defined above, using the MTL [22] model with an atypical value of λ = 
1.7 km and a return stroke speed of v = 1.3 × 10⁸ m/s.  
 
Here we compare our simulation results and those obtained by Rachidi. 
 
 
 
 
 
 
 
 
 
 

(a). 
 
 
 
 
 
 
 
 
 
 
 

(b). 
Figure 4. Induced voltage at the end of the overhead conductor 

(a) Calculated (b) Published [32] 
 
 The computational results obtained from the model we adopted agrees with those reported 
by Rachidi [33]. Our results keep the general shape and amplitude compared to the published 
ones. These results validate the effectiveness of the transmission line formalism in assessing 
induced currents and voltages on overhead conductors caused by lightning-generated 
electromagnetic disturbances. 
 
B. Calculation of the Induced Currents and Voltages 
 The considered structure is the same as the one described in figure 1. The electromagnetic 
field radiated by the down conductors carrying the lightning current will induce voltages and 

𝐼𝐼01(kA) 𝜏𝜏11(µs) 𝜏𝜏21(µs) 𝑛𝑛1 𝐼𝐼02(kA) 𝜏𝜏12(µs) 𝜏𝜏22(µs) 𝑛𝑛2 

10.7 0.25 2.5 2 6.5 2.1 230 2 

0 1 2 3 4 5 6 7 8

Time ( s)

-60

-40

-20

0

20

40

60

80

In
du

ce
d 

Vo
lta

ge
 (k

V)

Induced Currents and Voltages by a Lightning Rod Down Conductors

177



 
 

currents on the conductors located inside the structure. Moreover, the analysis focuses 
exclusively on the vertical part of the down conductors.  

The conductor inside the structure affected by the electromagnetic field disturbance is a 
power line of 10m, positioned at a height of 1m above a perfectly conducting ground. The down 
conductor is located 10m from the end of the power line, which is terminated at its characteristic 
impedance at both ends. The latter ones results in the configuration illustrated in figure 5.  

Figure 5. Single down conductor geometry for the calculation of induced voltages and currents 
 

 
The induced current and voltage are illustrated in figure 6 and figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Induced current at the end of the line 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Induced voltage at the end of the line 
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 The induced current and voltage at the end of the line in the presence of a single down 
conductor are significantly elevated. The calculated values (tens of kV and ~20A at line 
termination) indicate strong electromagnetic coupling between the down conductor and 
transmission line during lightning event. 
 To further investigate our findings within this configuration, we consider a power line with 
a length of 7m, placed at a height of 0.7m above a perfectly conducting ground. The down 
conductor is located at 3m from the end of the line. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Induced current at the end of the line 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Induced voltage at the end of the line 
 

 The induced current and voltage are significantly higher than in the previous configuration 
as shown in table 2.  
 

Table 2. Induced currents and voltages for both configuration 
Parameter Config. A Config. B Increase 
V_induced 7.5 kV 24 kV 247.8% 
I_induced 23 A 80 A 220% 

  
 The observed amplification of induced currents/voltages at the line termination exhibits two 
competing spatial dependencies: proximity enhancement effect (as the line approaches the down 
conductor, the induced effects gets higher) and line length attenuation paradox (shorter line show 
reduced induced effects). 
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 In order to investigate the presence of a second down conductor’s effect on the induced 
currents and voltages, we consider the same geometry described previously (figure 5), with a 
power line of 8m, at a height of 0.8m above a perfectly conducting ground and located 0.5m 
from the first down conductor, which means that the power line is located 1.5m from the second 
down conductor as shown in figure 10. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Two down conductors’ geometry for the calculation of  
induced voltages and currents 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Induced current at the end of the line 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 12. Induced voltage at the end of the line 
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 The induced currents and voltages result from the combined electromagnetic field radiated 
by both down conductors as follows: 

 �
𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = (𝐸𝐸𝑟𝑟1 − 𝐸𝐸𝑟𝑟2) 𝑢𝑢𝑟𝑟����⃗
𝐸𝐸�⃗ 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 = (𝐸𝐸𝑧𝑧1 + 𝐸𝐸𝑧𝑧2) 𝑢𝑢𝑧𝑧����⃗
𝐻𝐻��⃗ 𝜑𝜑𝜑𝜑𝜑𝜑𝜑𝜑 = �𝐻𝐻𝜑𝜑1 − 𝐻𝐻𝜑𝜑2� 𝑢𝑢𝜑𝜑�����⃗

                                                                                                      (14) 

 
 Figures 11 and 12 demonstrate that the introduction of a second down conductor significantly 
attenuates induced currents and voltages on the internal power line (between the two down 
conductors). However, despite this reduction, the residual induced values (130 kV and 400 A) 
remain critically high for electrical/electronic equipment, as they exceed standard withstand 
thresholds. 
 The following results present the peak induced voltages and currents along the power line 
within the structure (Fig. 10). To systematically evaluate the influence of down conductors, we 
analyze two configurations: (1) the baseline geometry and (2) a symmetric arrangement where 
the power line is positioned 1 m equidistant from both down conductors (ensuring identical 
coupling distances). Figures 13 and 14 illustrate the obtained results.  
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 13. Induced current’s peak values along the line 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Induced voltage’s peak values along the line 
 

 Figures 13 and 14 demonstrate that positioning the power line equidistant between both down 
conductors optimizes electromagnetic symmetry and significantly reduces induced transients 
compared to asymmetric configurations.  
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4. Conclusion 
 In this study, we proposed an approach to simulate the transient behavior of the down 
conductors of a lightning rod during a lightning event. This approach further enables the analysis 
of lightning-current’s induced currents and voltages on an overhead conductor inside the 
protected structure. The proposed time-domain modeling approach uses the transmission line 
theory and the FDTD method. The latter allows easy modeling for thin-wire structure such as 
down conductors and overhead lines, and accurate interpretation of the results while 
simultaneously reducing the computational time. From the analysis carried out in this paper, it 
can be seen that the induced currents and voltages inside the structure are excessively high and 
strongly dependent on the geometric and physical parameters. Indeed, both the line-to-down 
conductor spatial configuration and the line’s geometric characteristics are key determinants of 
induced electromagnetic effects. Somehow, the addition of a second down conductor 
significantly reduced the induced effects. Key observations include field cancellation effect, peak 
attenuation and practical implications, even though it remains too high for electrical equipment. 
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