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Abstract— The annual number of lightning flashes to the wind 

turbine is a value commonly used to assess the risk of damage due 

to lightning flashes to the wind turbine. The uncertainty associated 

with its estimation can result in an incorrect risk assessment and 

thus in a less effective lightning protection system. Therefore, in 

order to reduce the uncertainty associated with the annual number 

of lightning flashes to the wind turbine calculated by IEC 61400-

24: 2010, the study presented here proposes the use of a computer 

program ("LINC"), capable of recognizing the physics associated 

with the lightning discharge (contrary to the standard), to 

calculate the attractive radius of the wind turbine, which can then 

be used to calculate the annual number of lightning flashes to the 

wind turbine. The computer program is applied to a practical case 

similar to a real wind turbine. Later, the results obtained by 

“LINC” are compared with those obtained by the standard. 

Additionally, simulation parameters used by the computer 

program are studied in order to understand what influence each 

one has on the attractive radius. The study confirms the need for 

different methods to that suggested by the standard to calculate 

the attractive radius, namely, one that takes into account the 

physics associated with the lightning discharge. 

 

Keywords— Wind Turbine, Lightning Protection, Lightning 

Discharge, Attractive Radius, Physics. 

I. INTRODUCTION 

HE wind turbine is a structure of large dimensions which 

height can reach 200 𝑚 due to blades having experienced 

a large development over the last years [1] [2]. The increasing 

height of the wind turbine leads to an increased exposure of the 

wind turbine to lightning, with lightning strike damage 

accounting for around 24 % of wind turbine failures [3] [4]. 

Due to wind turbines being highly exposed to lightning 

flashes, the conception of a lightning protection system capable 

of reducing the risk of loss of human life and economic value is 

one of the most important aspects to consider when installing a 

wind turbine [5]. The assessment of the risk of damage due to 

lightning flashes to the wind turbine must consider, among 

other things, the average annual number of dangerous events 

due to lightning flashes to the wind turbine, which, according 

to IEC 61400-24: 2010 [5], is given by 

 

𝑁𝐷 = 𝑁𝑔 × 𝐶𝑑 × 𝐴𝑑 (1) 

 

𝐴𝑑 = 𝜋 × 𝑅𝑎
2 × 10−6, (2) 
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where 𝑁𝑔 is the annual average ground flash density, in 

𝑘𝑚−2 × 𝑦𝑒𝑎𝑟−1, 𝐶𝑑 is the environmental factor, 𝐴𝑑 is the 

collection area, in 𝑘𝑚2, and 𝑅𝑎 is the attractive radius, in 𝑚. 

The attractive radius is the maximum lateral distance at 

which the lightning flash is attracted to the structure and can be 

calculated differently depending on the author. The collection 

area can be obtained from the attractive radius and is defined as 

an area of ground surface surrounding the structure with the 

same annual frequency of lightning ground flashes as the 

structure [5] [6]. According to the standard, the attractive radius 

of the wind turbine is equal to three times its total height, 

whereas the collection area obtained corresponds to a circle 

whose radius is equal to the attractive radius [5]. 

The methods to calculate both the attractive radius and the 

collection area, as suggested by IEC 61400-24: 2010, can, 

however, lead to an estimated annual number of dangerous 

events due to lightning flashes to the wind turbine often lower 

than the actual number observed [7]. The uncertainty associated 

with its estimation can result in an incorrect risk assessment and 

thus in a less effective lightning protection system. For this 

reason, the difference between the estimated and actual value 

of the average annual number of dangerous events due to 

lightning flashes to the wind turbine must be reduced. 

The difference between both values can be explained mainly 

by two factors. The first concerns the inability demonstrated by 

IEC 61400-24: 2010 to account separately for downward and 

upward flashes, as suggested by expression (1). The second 

concerns the method used by the standard to calculate the 

attractive radius, i.e. the electric shadow model. 

According to several studies, the accurate evaluation of 

lightning incidence to a structure should take into account the 

physics associated with the attachment process of the lightning 

flash. The standard, however, neglects them [8]. Therefore, in 

order to reduce the uncertainty associated with the annual 

number of dangerous events due to lightning flashes to the wind 

turbine given by IEC 61400-24: 2010, a computer program 

capable of calculating the attractive radius of a structure by 

taking into account the physics associated with the attachment 

process of a lightning flash is proposed. 

II. THE LIGHTNING DISCHARGE PHENOMENON 

Lightning is a high current electric discharge initiated 

following the separation of charge inside the thundercloud. 

Once the process is finished, the cloud is divided into two main 

regions. The upper region, containing mostly positive charge, 

and the lower region, containing mostly negative charge. 
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Depending on the two charged regions between which this 

charge is transferred, the lightning discharge may take place 

between the cloud and the ground, or between opposite charge 

centres of the same cloud or neighbouring clouds [5]. 

The lightning discharge between the cloud and the ground is 

one of two types, downward or upward initiated. The downward 

flash starts at the cloud and heads towards the earth. On the 

other hand, the upward flash starts at a location on earth and 

heads towards the cloud. Both types can be further divided 

according to the polarity of the charge removed from the 

thundercloud: negative, if the charge removed is negative, or 

positive, if the charge removed is positive [5]. Since lightning 

incidence evaluation is usually based on the likelihood of 

negative downward lightning attachment to the structure, the 

discussion carried out below is concerned only with the 

negative downward lightning flash. 

The negative downward flash is initiated by a preliminary 

breakdown between the negative charge centre and the positive 

charge pocket usually located at the lower region of the cloud. 

The preliminary breakdown gives rise to the stepped leader [5], 

which will then descend towards ground in intermittent steps, 

with lengths varying from 5 to 200 𝑚 and time intervals 

between them that span from 10 a 100 𝜇𝑠 [9]. Along the way, 

the stepped leader may give rise to several branches [10]. 

As the leader tip nears ground, the electric field at grounded 

structures or the ground is increased. When the electric field at 

those points exceeds the breakdown value of air, one or more 

positive upward moving leaders are emitted from the ground or 

from a structure, thus beginning the attachment process [10]. 

The moment the downward stepped leader encounters the 

upward connecting leader, a continuous path from cloud to 

ground is established. The charge on the leader channel is then 

discharged to ground by a current wave propagating up the 

ionised channel in a process called the first return stroke. Within 

its duration, the peak current produced by it can reach up to a 

few hundred kilo amperes [10]. The downward flash attachment 

process is shown in Fig. 1. 

 

Fig. 1. Negative downward flash attachment process. 

 

If additional charge is made available to the top of the 

channel, subsequent return strokes may follow the path taken 

by the first return stroke [5]. 

III. LEADER PROGRESSION MODELS 

The leader progression model simulates the attachment 

process of a negative downward flash to a grounded structure 

taking into account the physics associated with the lightning 

discharge, namely, the inception and subsequent progression of 

the downward steeped leader and the upward connecting leader, 

and the final encounter between them. The most commonly 

used leader progression models were introduced by 

Dellera/Garbagnati, Rizk, Becerra/Cooray and Vargas/Torres. 

A. The Thundercloud 

The simplified thundercloud model created by Dellera and 

Garbagnati consists of unipolar electric charge rings of negative 

polarity, evenly distributed over a straight line with a length of 

10 km and with a height of 2 km in relation to the ground. The 

electric charge distribution in the cloud follows a statistical 

distribution obtained by the authors and can be used to find the 

electric field between the cloud and the ground [11]. On the 

other hand, the models introduced by Rizk and Becerra/Cooray 

do not represent the electric charge distribution in the cloud. 

According to them, by assuming that the horizontal length of 

the negative charge region in the cloud is far greater than the 

distance between the charge region and the ground, the cloud 

charge region can be replaced by a perfectly conducting plane 

maintained at a given potential. Then, an uniform ambient 

electric field 𝐸𝑔 is obtained between the cloud and the ground 

[12] [13]. The ambient electric field is usually taken in the range 

of 10-15 𝑘𝑉/𝑚 [14] [15]. Vargas and Torres assume that the 

cloud is represented by two spherical charge centres arranged 

vertically one over the other. The positive centre represents the 

positive charge region in the upper part of the cloud and the 

negative centre represents the negative region in the lower part 

of the cloud. The two centres have the same uniform charge 

density (with opposite polarities) from which the electric field 

between the cloud and the ground is calculated [16]. 

B. The Downward Stepped Leader 

1) Downward Stepped Leader Inception 

Lightning research shows that a downward steeped leader 

originates from the negative region in the lower part of the 

cloud. The negative region is located at 2500 𝑚 above ground 

according to Rizk and at 4000 𝑚 above ground according to 

Becerra/Cooray and Vargas/Torres [6] [13] [16]. The same 

cannot be said of the model created by Dellera and Garbagnati. 

Due to the simplified thundercloud model established by them, 

the height at which the downward steeped leader starts must be 

equal to the height of the thundercloud model [11]. 

 

2) Downward Stepped Leader Branching and Tortuosity 

The downward steeped leader is represented by a line or a 

cylinder without branches in the models suggested by 

Dellera/Garbagnati, Rizk and Becerra/Cooray [6] [14] [11]. 

Contrary to those, the Vargas and Torres model can simulate a 

tortuous and branched downward steeped leader by using 

statistical distributions of natural lightning channels as 

described by R.D. Hill and Idone and Orville found in literature. 

 

3) Downward Stepped Leader Progression 

According to Dellera and Garbagnati model, the direction of 

the downward steeped leader is decided by the electric field 

between the ground and the cloud and is determined as the 
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direction of maximum gradient, along an equipotential line, at 

a certain distance from the leader tip [11]. Alternatively, the 

downward steeped leader is assumed to take a straight path 

towards ground in the models suggested by Rizk and 

Becerra/Cooray [6] [14]. Regarding the Vargas and Torres 

model, the main direction of the downward steeped leader is a 

vertical axis in relation to the ground [16]. 

 

4) Downward Stepped Leader Velocity 

The models created by Dellera/Garbagnati and Rizk require 

only the ratio between the velocity of downward and upward 

leaders and not their absolute values. In Dellera and Garbagnati 

model, the ratio changes between 4/1 at the inception of the 

upward connecting leader and 1/1 just before the connection of 

the two leaders, while a constant ratio of 1/1 is taken by Rizk’s 

model [6] [12] [11]. On the other hand, Becerra and Cooray 

assume a constant average velocity of 2,5 × 105 𝑚/𝑠 for the 

downward steeped leader [14]. The velocity assumed by Vargas 

and Torres could not be found in the literature. 

 

5) Downward Stepped Leader Charge Distribution 

According to Dellera and Garbagnati model, the leader 

channel is divided into two parts. The upper part corresponds to 

the total negative charge distributed along the main channel and 

branches of the downward leader, while the lower part 

corresponds to the most advanced elementary channel of the 

branched phenomenon. The charge per meter length in the 

upper part is uniform and can be calculated by 

 

𝑞 = 38 × 𝐼0.68   [𝜇𝐶/𝑚]. (3) 

 

where 𝐼, in 𝑘𝐴, is the peak current. In the lower part, a negative 

charge of 100 𝜇𝐶/𝑚 is taken [11]. Unlike Dellera and 

Garbagnati, Rizk assumes that the line charge density on the 

downward stepped leader decreases linearly with increasing 

height above ground [12]. Accordingly, the charge per meter 

length, at any height 𝑧 in 𝑚, is given by  

 

𝑞(𝑧) =
2×𝑄

𝐻𝑐𝑙
× [1 −

𝑧

𝐻𝑐𝑙
] [𝜇𝐶/𝑚] (4) 

 

𝑄 = 76 × 103 × 𝐼0.68  [𝜇𝐶], (5) 

 

where 𝑄 is the total negative charge on the leader channel below 

cloud base obtained as in [11], 𝐼 is the peak current, in 𝑘𝐴, and 

𝐻𝑐𝑙  is the cloud base height, in 𝑚 [17]. The Becerra and Cooray 

model describes how the charge on the downward steeped 

leader varies as it progresses towards the ground as the 

following equation 

 

𝑞(𝜉) = (𝑎0 × (1 −
𝜉

𝐻−𝑧0
) × 𝐺(𝑧0) × 𝐼) + (

𝐼×(𝑎+𝑏𝜉)

1+𝑐𝜉+𝑑𝜉2 ×

𝐻(𝑧0))  [𝐶/𝑚] (6) 

 

𝐺(𝑧0) = 1 − (
𝑧0

𝐻
) (7) 

 

𝐻(𝑧0) = 0.3𝛼 + 0.7𝛽, 𝛼 = 𝑒−
(𝑧0−10)

75 , 𝛽 = 1 − (
𝑧0

𝐻
), (8) 

 

where 𝑞(𝜉) is the charge per unit length, 𝜉 is the length along 

the stepped leader channel with 𝜉 = 0 𝑚 at the leader tip, 𝐻 is 

the height of the cloud, in 𝑚, 𝑧0 is the height of the leader tip 

above ground, in 𝑚 (with  𝑧0 > 10 𝑚), 𝐼 is the peak current, in 

𝑘𝐴,  𝑎0 = 1.476 × 10−5, 𝑎 = 4.857 × 10−5, 𝑏 = 3.9097 ×
10−6, 𝑐 = 0.522 and 𝑑 = 3.73 × 10−3 [13]. In Vargas and 

Torres model, the charge distributed along the main channel 

and branches of the downward stepped leader is estimated from 

a complex set of equations deduced by the authors [16]. 

C. The Upward Connecting Leader 

1) Upward Connecting Leader Inception Criterion 

The leader inception criterion used by Dellera and 

Garbagnati is the critical radius concept. According to 

laboratory experiments with a sphere-terminated rod-plane gap, 

the breakdown voltage remains approximately constant for a 

sphere radius that is lower than a critical value, called the 

critical radius, and increases for larger radii. The moment the 

critical radius is reached, the positive leader is created 

immediately after the first corona inception [11]. Thus, by 

replacing any sharp point of a grounded structure, such as the 

tips of rods or building corners, by a spherical conductor whose 

radius is equal to the critical radius, Dellera and Garbagnati 

model states that the upward leader inception is reached when 

the electric field over the critical radius is equal to the corona 

inception field (approximately 3 𝑀𝑉/𝑚) [18]. The leader 

inception criterion used by Rizk is called the Rizk’s generalized 

leader inception equation and is based on the correspondence 

that exists between the conditions prevailing at the moment of 

the final encounter between positive and negative leaders and 

the positive leader inception, in laboratory. According to the 

criterion established by Rizk, an upward connecting leader is 

issued from a grounded structure when 

 

𝑈𝑙𝑐 =
𝑈𝑐∞

1+
𝐴

𝑅

  [𝑘𝑉], (9) 

 

where 𝑈𝑐∞, 𝐴 and 𝑅 are constants that depend on the structure 

configuration. The constants 𝑈𝑐∞ and 𝐴 are given for rods and 

transmission lines, while 𝑅 can be computed for any 

configuration [6]. In Becerra and Cooray model, the upward 

connecting leader emerges from a structure when the electric 

field at sharp points of a structure can satisfy several conditions 

associated with the physics of the conversion of streamer to 

leader in long air gap discharges [19]. The model starts by 

evaluating the charge in the first streamer burst issued from a 

structure when the electric field is high enough. If the streamer 

charge exceeds 1 𝜇𝐶, the stem of the streamer burst will be 

heated and converted into a leader. On the other hand, if the 

streamer charge is less than 1 𝜇𝐶, the streamer to leader 

transition does not occur. In this case, the charge in successive 

streamer bursts is estimated until the charge in a streamer burst 

reaches a value of 1 𝜇𝐶. The condition for continuous 

progression of the upward leader is assumed to be satisfied if 

the leader continues to accelerate in the electric field between 

the structure and the cloud at least for a distance of a few meters 
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[18] [19]. The critical streamer length concept used by Vargas 

and Torres is based on the notion that the streamers length 

should exceed a critical value before the inception of the 

upward connecting leader [8]. 

 

2) Upward Connecting Leader Progression 

According to the models suggested by Dellera/Garbagnati 

and Vargas/Torres, the direction of the upward leader is decided 

using the same method used by Dellera and Garbagnati when 

deciding the direction of the downward leader [8] [11]. As for 

the Rizk and Becerra/Cooray models, every incremental growth 

of the connecting leader is done along the line joining the tips 

of the two leaders [6] [14]. 

 

3) Upward Connecting Leader Electrical Property 

Contrary to the downward leader representation, the charge 

distribution on the upward leader is not estimated by all the 

leader progression models. Dellera and Garbagnati model 

assumes that the charge per unit length of the upward leader is 

constant and equal to 50 µ𝐶/𝑚 [11], while the Becerra and 

Cooray model computes the charge per unit length of the 

upward leader as it advances towards the downward leader [14]. 

On the other hand, Rizk’s model computes the connecting 

leader tip potential using the following expression 

 

𝑈𝑡𝑖𝑝 = (𝑙 × 𝐸∞) + (𝑥0 × 𝐸∞ × ln (
𝐸𝑖

𝐸∞
−

𝐸𝑖−𝐸∞

𝐸∞
× 𝑒−𝑙

𝑥0
⁄ )) (10) 

 

where 𝑙 is the leader length, in 𝑚, 𝐸𝑖 is the initial leader 

gradient, in 𝑘𝑉/𝑚, 𝐸∞ is the final quasi-stationary leader 

gradient, in 𝑘𝑉/𝑚, and 𝑥0 is a constant given by the product 

𝑣 × Θ, being 𝑣 the ascending leader speed and Θ the leader time 

constant. The electrical property estimated by the Vargas and 

Torres model is not clear. 

 

4) Upward Connecting Leader Velocity 

As already mentioned, the connecting leader velocity is 

obtained from the ratio between the velocity of downward and 

upward leaders in the models suggested by Dellera/Garbagnati 

and Rizk. However, in Becerra and Cooray model, the upward 

leader velocity is computed as it advances towards the 

downward leader [14]. Once again, the leader velocity assumed 

by Vargas and Torres could not be found in the literature. 

D. The Final Encounter 

According to Dellera and Garbagnati model, the connection 

between the downward and upward leaders takes place when 

the streamers from the two leaders meet each other. The 

streamers length is determined by the procedures suggested in 

[11]. As for the remaining models, the final encounter between 

both leaders is decided when the mean potential gradient 

between the tips of the leaders is equal or greater than 

500 𝑘𝑉/𝑚 [6] [8] [14]. 

IV. ADAPTATION OF RIZK’S LEADER PROGRESSION MODEL 

After analysing the four models listed above, the Rizk’s 

model is selected as the basis for the computer program. The 

choice is made taking mainly into account the upward leader 

inception criterion used by each model. The critical radius 

concept used by Dellera and Garbagnati is relatively simple, 

however, given the strong relationship between the chosen 

critical radius and the electric field at which the upward leader 

inception is possible, the uncertainty associated with using the 

critical radius obtained from laboratory experiments in larger 

dimensions common in lighting environment can affect the 

results obtained from this method [19]. The main concern 

regarding Rizk’s generalized leader inception equation is 

related to the constants 𝑈𝑐∞ and 𝐴. Even though the term 𝑅 can 

be determined for any configuration, the terms 𝑈𝑐∞ and 𝐴 are 

not clearly defined for structures that differ from isolated rods 

or transmission lines [19]. Therefore, Rizk´s leader inception 

criterion application to more complex structures may result in 

an incorrect analysis. The limitations found when using the 

Becerra and Cooray criterion are related to the complexity 

associated with its application, and thus its long computation 

time. In relation to the critical streamer length criterion, the lack 

of available information on its application under lightning 

conditions does not allow the Vargas and Torres model to be 

used as basis for the computer program. Having excluded 

Dellera and Garbagnati model due to results with a possible 

high margin of error, the choice of Rizk’s model over Becerra 

and Cooray model is based on the lower complexity associated 

with it. 

V. COMPUTER PROGRAM “LINC” 

The computer program adapted from Rizk’s leader model is 

built using the Comsol Multiphysics 5.3 software and a tool 

called LiveLink for MATLAB, which development can be 

divided into two phases. The first corresponds to the creation of 

the model that represents the structure and the environment 

surrounding it in Comsol Multiphysics 5.3. The second 

comprises the development of the MATLAB script that allows 

the model created beforehand to be modified by MATLAB, thus 

making it possible to simulate both downward and upward 

leader advancement. 

Regarding the model in Comsol Multiphysics 5.3, the 

structure is solely represented by a point at the same height as 

the structure tip, since its configuration is taken care of by 

Rizk’s generalized leader inception equation, while the 

thundercloud, ground (flat terrain) and atmosphere are 

modelled as a cylindrical volume, where the top surface is set 

as the thundercloud, the bottom surface as ground and the space 

within the cylinder as air. The volume has a 4000 𝑚 radius and 

a height equal to the cloud height. To obtain an uniform ambient 

electric field across the cylindrical volume, the voltage at the 

ground surface is assumed to be equal to 0 𝑉, whereas at the 

cloud surface it’s assumed to be equal to the product of the 

ambient electric field by the height of the cloud. 

Once the model is completed, the MATLAB script aimed at 

representing the inception and subsequent progression of both 

leaders, as well as the connection between them is developed. 

The simulation is started by computing the potential at the 

point representing the structure tip before the downward leader 

inception. After its creation, the stepped leader is assumed to 
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take a straight path towards ground at a constant velocity 

chosen by “LINC”, as shown in Fig. 2. The leader is modelled 

as a charged straight-line segment, whose charge density is 

determined by (4) and (5). As the descending leader approaches 

earth, the total potential at the structure tip 𝑈𝑖 is computed using 

the finite element method, taking into account the ambient 

electric field and the negative leader induced potential at the 

structure tip 𝑈𝑖𝑙: 

 

𝑈𝑖 = 𝐸𝑔ℎ +  𝑈𝑖𝑙   [𝑘𝑉], (11) 

 

where ℎ is the height of the structure tip, in 𝑚. 

As stated by Rizk’s leader inception criterion, if the total 

potential at the structure tip exceeds the critical value 𝑈𝑙𝑐 , the 

upward leader is issued from the structure. From that moment, 

the connecting leader is assumed to grow along the imaginary 

line joining both leaders, at the same velocity as the stepped 

leader, whose trajectory remains the same (Fig. 2). To decide 

whether the connection between the two leaders is feasible or 

not, the average electric field between them is calculated. To do 

so, the potential difference between both leader tips is divided 

by the distance separating them. The downward leader tip 

potential can be determined assuming its charge distribution is 

known, while the upward leader tip potential is given by (10), 

where 𝐸𝑖 = 400 𝑘𝑉/𝑚, 𝐸∞ = 3 𝑘𝑉/𝑚 and 𝑥0 = 5. The 

connection between both leaders takes place when the average 

electric field between the two leader tips is equal or greater than 

500 𝑘𝑉/𝑚, as shown in Fig. 2. 

 

Fig 2. Lightning attachment process simulation: a) Downward leader 

progression; b) Upward leader inception and subsequent progression; c) 

Connection between the downward and upward leaders. 

 

 The starting point of the downward leader is moved away 

from the structure along the positive x-axis, evaluating in each 

case whether the upward leader is intercepted by the structure 

or the ground plane. The maximum lateral distance at which the 

lightning flash is attracted to the structure is the attractive radius 

𝑅𝑎. Assuming that the electric field distribution is symmetric, 

the simulated attractive radius will be equal in all directions. 

The algorithm to find the attractive radius is based on the 

Binary Search algorithm and its main principles consist of 

defining the range of values in which the attractive radius is 

located, and later searching for it within that same range. That 

is to say, assuming that the connection between both leaders 

happens at a distance 𝑥𝐿 from the structure, and that at a 

distance 𝑥𝑅 greater than 𝑥𝐿, the connection is not verified, the 

attractive radius must be located between 𝑥𝐿 and 𝑥𝑅. 

At first, the downward leader is placed directly above the 

structure tip. If the final encounter between the two leaders 

takes place, the corresponding x coordinate is identified as 𝑥𝐿 

and the simulation continues. Next, the downward leader is 

placed at a distance far greater than 𝑥𝐿 assuring that the final 

encounter does not take place. In this case, the corresponding x 

coordinate is identified as 𝑥𝑅. 

After defining the first interval, the search for the attractive 

radius begins by placing the downward leader at its centre. If 

the connection between both leaders is established, the 

corresponding x coordinate is identified as the new 𝑥𝐿, 

eliminating half the interval to its left. The previously computed 

 𝑥𝑅 is maintained. Then, the next iteration starts by placing the 

stepped leader at the centre of the new interval defined in the 

previous iteration, which corresponds to half the interval to the 

right of the new 𝑥𝐿. This time, if the connection between both 

leaders does not occur, the corresponding x coordinate is 

identified as the new 𝑥𝑅, eliminating half the interval to its right. 

The search process is repeated while the distance between 

both ends of the interval is greater than 1 𝑚. When the previous 

condition is not verified, the 𝑥𝐿 coordinate obtained in the last 

iteration where the condition was verified is assumed equal to 

the attractive radius. 

VI. RESULTS 

A. “LINC” vs. Rizk´s Leader Progression Model 

In order to assess the methodology used by the computer 

program “LINC”, the attractive radius calculated using Rizk’s 

model and “LINC” are compared. The results obtained by Rizk 

are taken from a study where the effects of structure height ℎ , 

ambient electric field 𝐸𝑔 and peak current 𝐼 on the attractive 

radius 𝑅𝑎 of a tall mast, on flat ground, are analysed [20]. 

First, assuming a peak current of 31 𝑘𝐴 and an ambient 

electric field of 0 𝑘𝑉/𝑚, the relationship between the attractive 

radius of the tall mast and its height, obtained by both methods, 

shows an increase of the attractive radius in accordance with 

mast height, as shown in Fig. 3. 

 

Fig. 3. Attractive radius of the tall mast calculated using “LINC” and Rizk’s 

model, as a function of mast height, for 𝐼 = 31 𝑘𝐴 and 𝐸𝑔 = 0 𝑘𝑉/𝑚. 

 

The behaviour of the attractive radius can be explained by the 

fact that at a certain distance between the downward leader and 

the ground, the negative leader induced potential at the structure 

tip will be greater the higher the structure, which, in turn, can 

lead to an earlier upward leader inception. 
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The difference between the results obtained by both models 

ranges from 2% to 7%, which can be explained by the different 

methods used to compute the potential distribution (Charge 

Simulation Method vs. Finite Element Method). 

 The effects of the ambient electric field on the attractive 

radius of the tall mast, for a peak current of 31 𝑘𝐴 and a mast 

height of 80 𝑚, are shown in Fig. 4. 

 

Fig. 4. Attractive radius of the tall mast calculated using “LINC” and Rizk’s 

model, as a function of ambient electric field, for 𝐼 = 31 𝑘𝐴 and ℎ = 80 𝑚. 

 

 As it can be seen by the results of both models, the 

intensification of the ambient electric field leads to the growth 

of the attractive radius. According to Rizk´s generalized leader 

inception equation, by increasing the potential at the structure 

tip before the downward leader inception, the critical value 𝑈𝑙𝑐  

is achieved at an earlier time, which, in turn, allows the 

connecting leader to travel a greater distance before the two 

leaders reach the same height, thereby increasing the chances 

of a connection between them. 

The difference between the results obtained by both models 

is never greater than 7%. As already mentioned, this difference 

can be attributed to the method for potential distribution 

calculation chosen by each model. 

 Fig. 5 shows the variation of the attractive radius of the tall 

mast with peak current, assuming an ambient electric field 

equal to 0 𝑘𝑉/𝑚 and a mast height equal to 80 𝑚. 

 

Fig. 5. Attractive radius of the tall mast calculated using “LINC” and Rizk’s 

model, as a function of peak current, for 𝐸𝑔 = 0 𝑘𝑉/𝑚 and ℎ = 80 𝑚. 

 

 According to both models, as the peak current increases, the 

attractive radius also increases. This behaviour can be explained 

by the increase of the downward leader charge density as a 

result of the surge in the peak current, which, in turn, is 

responsible for an increase of the negative leader induced 

potential at the structure tip. As explained before, the greater 

the potential at the structure tip, the sooner the connecting 

leader is incepted and, consequently, the bigger the chances of 

a connection between the two leaders. 

Contrary to previous cases, the difference between the 

attractive radius calculated by both models varies significantly, 

reaching a maximum value of 17 %. One possible reason for 

the discrepancy between both results has already been 

discussed, however, the reason for the greater discrepancy 

observed here is not obvious. Knowing that the peak current is 

associated with the stepped leader modelling and that both 

electric field and potential calculation depend heavily on it due 

to the use of the finite element method, the greater difference 

between both results may be due to the downward leader 

modelling assumed by “LINC”. 

 The proximity between the attractive radius calculated using 

both models, when considering a scale of hundreds of meters, 

show that the methodology used by the computer program 

“LINC” is correct, meaning that it is capable of computing the 

attractive radius of a structure. 

Once established, the computer program “LINC” can be 

applied to the wind turbine. 

B. Application of “LINC” to Wind Turbines 

1) Attractive Radius and Collection Area of the Wind Turbine 

The standard IEC 61400-24: 2010 states that all wind 

turbines should be modelled as a tall mast with a height equal 

to the hub height plus one rotor radius [5], as shown in Fig. 27. 

 

Fig. 6. Total height of the wind turbine according to IEC 61400-24: 2010. 

 

 According to IEC 61400-24: 2010, the attractive radius of the 

wind turbine is given by 

 

𝑅𝑎 = 3 × ℎ  [𝑚], (12) 

 

where ℎ is the height of the wind turbine, in 𝑚. 

 According to “LINC”, the attractive radius of the wind 

turbine is computed by establishing the terms used by Rizk’s 

generalized leader inception equation and the necessary 

simulation parameters. Additionally, the blade tip position 

along the x-axis is considered equal to zero. 

Assuming that the wind turbine is also represent by a tall 

mast, which, according to [21], is possible, the terms to be used 

are: 𝑈𝑐∞ = 1556, 𝐴 = 7.78 and 𝑅 = 2 × ℎ, where ℎ is the 

height of the wind turbine, in 𝑚 [12]. 

The simulation parameters used by “LINC” are shown in 

Tab. I. 
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TABLE I 
SIMULATION PARAMETERS USED BY “LINC” 

Sym Description Value Units Ref 

𝐻𝑐𝑙 Cloud base height 2500 𝑚 [6] 

𝐸𝑔 Ambient electric 

field 
3 𝑘𝑉/𝑚 [20] 

𝑣 Downward leader 
velocity 

2 × 105 𝑚/𝑠 [14] 

 

 The collection area of the wind turbine can then be calculated 

by “LINC” and the standard using the following expression [5]: 

 

𝐴𝑑 = 𝜋 × 𝑅𝑎
2  [𝑚2]. (13) 

 

The wind turbine to be studied has a hub height of 60 𝑚 and 

a rotor with three blades separated from each other by an angle 

equal to 2𝜋/3 𝑟𝑎𝑑, each one with a length of 40 𝑚, resembling 

the one presented in Fig. 6. 

 Assuming the same wind turbine configuration as the one 

suggested by IEC 61400-24: 2010, the attractive radius and 

collection area, as a function of peak current, are calculated 

using the standard and “LINC”. The total height of the wind 

turbine is 100 𝑚 and the peak current varies from 5 to 100 𝑘𝐴. 

The results can be found in Fig. 7. 

 

Fig. 7. Attractive radius and collection area of the wind turbine calculated using 

“LINC” and IEC 61400-24: 2010, as a function of peak current, for ℎ = 100 𝑚. 

 

When it comes to the relationship between the two 

parameters and the peak current, Fig. 7 shows that, when using 

the standard, both the attractive radius and the collection area 

remain constant as the peak current increases, and that when 

using “LINC”, both increase as the peak current increases. 

Therefore, as of a peak current of about 58 𝑘𝐴, the collection 

area of the wind turbine computed by IEC 61400-24: 2010 is 

lower than that computed by "LINC". The difference between 

the results obtained with both models is expected since IEC 

61400-24: 2010, contrary to “LINC”, does not take into account 

the physics related to lightning, namely, the peak current. 

 

2) Blade Rotation Influence on the Attractive Radius and 

Collection Area of the Wind Turbine 

According to the standard, the attractive radius and collection 

area of the wind turbine are calculated without considering 

wind turbine blades rotation. However, to understand whether 

or how the change in blades position affects both the attractive 

radius and the collection area, the relationship between these 

and blade position over time is addressed. 

The change in blades position means that the total height of 

the wind turbine varies accordingly. Thus, to understand its 

impact on the attractive radius, it is important to know if or how 

the blade rotation during the downward leader progression 

affects the downward flash attachment process. 

Knowing that the vertical length associated with the blade 

position can be obtained by a trigonometric relation, the total 

height of the wind turbine, at any time 𝑡, can be calculated by 

 

ℎ(𝑡) = ℎ𝐻 + 𝑙𝐵 cos(𝛼 + 𝜔𝑡)  [𝑚] (14) 

 

𝜔 =
𝑣𝑤

𝑙𝑏
  [𝑟𝑎𝑑/𝑠], (15) 

 

where ℎ𝐻 is the hub height, in 𝑚, 𝑙𝑏 is the blade length, in 𝑚, 𝛼 

is the phase shift, 𝜔 is the angular speed of the blade and 𝑣𝑤 is 

the wind speed, in 𝑚/𝑠. 

 Let the total height of the wind turbine be equal to 100 𝑚, 

for 𝑡 = 0. Assuming that the downward leader velocity 𝑣 is 

equal to 2 × 105 𝑚/𝑠, and that from the moment the upward 

leader is initiated, the downward leader travels 500 𝑚 until the 

connection between the two leaders is possible, the travel time 

can be calculated by 

 

∆𝑡𝑑 =
500

𝑣
=

500

2×105 = 2,50 𝑚𝑠.  

 

Then, considering a wind speed 𝑣𝑤 of 25 𝑚/𝑠 [21], the total 

height of the wind turbine, for 𝛼 = 0 and 𝑡 = 2,50 𝑚𝑠, is given 

by 

 

ℎ = 60 + 40 × cos(0 +
25

40
× 0,0025) = 99,9 𝑚.  

 

Therefore, during the time the stepped leader travels 500 𝑚, 

the total height of the wind turbine varies 10 𝑐𝑚. 

 Given the very small difference between both heights, wind 

turbine blades can be considered stationary with respect to the 

lightning flash, making it possible to consider the same total 

height of the wind turbine during the attachment process. 

 The wind turbine blade rotation influence on the attractive 

radius and collection area can then be known by studying how 

both are affected by the change in the total height of the wind 

turbine. For simplification purposes, only the highest and 

lowest configurations of the wind turbine shown in Fig. 8 are 

considered. When applying (14), the wind turbine height 

associated with the highest and lowest configurations is found 

to be 100 𝑚 and 80 𝑚, respectively 
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Fig. 8. Wind turbine a) highest and b) lowest configurations. 

 

Since the attractive radius and the collection area related to 

the highest configuration are discussed above, the relationship 

between both parameters and the peak current, with respect to 

the lowest configuration, is addressed next. 

 When it comes to IEC 61400-24: 2010, the attractive radius 

is calculated using (12), thus assuming the same can be used for 

any configuration. When it comes to “LINC”, the attractive 

radius is calculated using the same terms for Rizk’s generalized 

leader inception equation as before and the simulation 

parameters shown in Tab. I. 

 The collection area is calculated by “LINC” and the standard 

using a simplified approach to the procedure suggested by IEC 

62305-2. According to it, the collection area for the lowest wind 

turbine configuration can be approximated to a circle whose 

radius is equal to the attractive radius, 𝑅𝑎, plus the horizontal 

length between the hub and the blade tip, 𝐷, as shown in Fig. 9. 

 

Fig. 9. Approximation of the collection area for the lowest wind turbine 
configuration. 

 

The collection area of the wind turbine can thus be given by 

 

𝐴𝑑 = 𝜋 × (𝐷 + 𝑅𝑎)2  [𝑚2]. (16) 

 

Looking at Fig. 8.b) and knowing that the three blades are 

separated from each other by an angle of 2𝜋/3 𝑟𝑎𝑑, the 

horizontal length between the hub and the blade tip is calculated 

by 

𝐷 = 40 × sin  (
𝜋

3
) ≅ 34,6 𝑚.  

 

Assuming that the wind turbine is replaced by a tall mast, the 

attractive radius and collection area, as a function of peak 

current, are calculated using (12), functioning as an extension 

of the standard´s application, and “LINC”, as well as (16). The 

total height of the wind turbine is 80 𝑚 and the peak current 

varies from 5 to 100 𝑘𝐴. The results are shown in Fig. 10. 

 

Fig. 10. Attractive radius and collection area of the wind turbine calculated 

using “LINC” and IEC 61400-24: 2010, as a function of peak current, for the 

lowest wind turbine configuration, where ℎ = 80 𝑚. 

 

Fig. 10 shows that, according to "LINC", the attractive radius 

and the collection area increase as the peak current increases, 

while, according to (12), along with (16), both remain constant 

as the peak current increases. Thus, as of a peak current of about 

 44 𝑘𝐴, the collection area computed by (12) and (16) is lower 

than that computed by "LINC". The reason for such behaviour 

lies with the fact that one procedure deals with the physics 

related to lightning and the other does not, as discussed before.  

 When it comes to the attractive radius, the comparison 

between Fig. 7 and Fig. 10 shows that the values obtained for 

the wind turbine lowest configuration, using (12) and “LINC”, 

are lower than those obtained using both procedures when 

considering the highest configuration. The difference between 

the observed values can be mostly attributed to the change in 

the total height of the wind turbine. When it comes to the 

collection area, the comparison between Fig. 7 and Fig. 10 

shows that, when using (12) and (16), the collection area 

obtained for the lowest configuration is lower than the one 

obtained for the highest configuration, whereas, according to 

“LINC”, the collection area obtained for the lowest 

configuration is higher than the one obtained for the highest 

configuration. The somewhat unexpected results can, in part, be 
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explained by the influence the structure height has over the 

attractive radius in each procedure, as the relevance given to the 

structure height by IEC 61400-24: 2010 is much bigger than 

that given by “LINC”, and the fact that the collection area also 

depends on the length between the blade tip and the hub. 

 

3) Simulation Parameters Influence on the Attractive Radius 

and Collection Area of the Wind Turbine  

Following the application of “LINC” to the wind turbine, the 

influence of simulation parameters used by “LINC” on the 

attractive radius of the wind turbine is discussed. For that, the 

peak current 𝐼 and the downward leader velocity 𝑣 are assumed 

to be equal to 31 𝑘𝐴 and 2 × 105 𝑚/𝑠, respectively. 

First, by changing the height at which the downward leader 

begins from 2500 to 4000 𝑚 [13], the attractive radius and 

collection area of both wind turbine configurations decreased. 

According to (4), at a given distance between the downward 

leader tip and the ground, the higher the height at which the 

leader begins, the lower the charge density on the downward 

leader. If the charge density decreases, the negative leader 

induced potential at the structure tip also decreases, reducing 

the height above ground at which the downward leader tip 

ensures the upward leader creation and thus the chances of a 

connection between them. Additionally, the difference between 

the attractive radius obtained for the highest and lowest 

configuration, considering the same cloud height, is shown to 

be very small (about 11%). 

As already discussed, the increase in the ambient electric field 

from 3 to 15 𝑘𝑉/𝑚 [14] [15] leads to an increase of the 

attractive radius and collection area of both wind turbine 

configurations. The comparison between the values obtained 

for both configurations, assuming the same ambient electric 

field, show that the influence the wind turbine height has on the 

attractive radius increases when the ambient electric field 

increases, as the difference between the attractive radius 

computed for the highest and lowest configuration varies from 

about 11 % to about 43%, for an ambient electric field ranging 

from 3 to 15 𝑘𝑉/𝑚, respectively. The results can be explained 

by an increase in the difference between the potential at a blade 

tip of 80 𝑚 and 100 𝑚 high, before the downward leader 

inception, due to the rise of the ambient electric field. 

The attractive radius and collection area values obtained for 

both wind turbine configurations when using the downward 

leader charge distributions suggested by Rizk [17], Golde [22] 

and Eriksson [7], and the downward leader tip potential 

expression in agreement with (6) [8], show, in the first place, a 

high discrepancy between the values calculated using the first 

three expressions and the one suggested by Cooray. Contrary to 

the expressions found in [17], [22] and [7] that imply an 

increasing leader tip potential as it moves towards ground, the 

one in [8] implies a constant leader tip potential, which means 

that after the upward leader inception, the average electric field 

between the two leader tips calculated taking into account 

Cooray’s expression should decrease as one leader advances 

towards the other, since one remains constants and the other 

increases with its length. Consequently, the chances of a 

connection between the two decreases, which can explain the 

lower attractive radius and collection area values obtained when 

using Cooray’s expression. Furthermore, results show that, 

when using the expressions suggested in [17], [22] and [7], 

attractive radius and collection area values obtained considering 

Golde´s expression are much bigger than that obtained 

considering Rizk´s and Eriksson´s expressions. According to 

Golde, the line charge density decreases exponentially, 

whereas, according to Rizk and Eriksson, the line charge 

density decreases linearly, both from the leader tip to the cloud. 

For that reason, the leader induced potential at the blade tip 

calculated using Golde’s expression is higher, thus anticipating 

the upward leader inception, which, as already seen, increases 

the chances of a connection between both leaders. 

Then, when using the ratio between downward and upward 

leader’s velocity assumed in [11] instead of the one assumed in 

[6], the attractive radius and collection area of both wind turbine 

configurations decreased. Since upward leader inception is not 

affected, such behaviour might be related to conditions required 

for the connection between both leaders. Despite the upward 

leader length and, consequently, the upward leader potential 

being always smaller in the case where the upward leader 

velocity varies than where the leader velocity is constant, the 

potential difference between downward and upward leaders is 

found to be approximately the same in both cases. Therefore, 

the decrease in the attractive radius and collection area values 

may be caused by the greater distances observed between both 

leaders when the upward leader velocity varies, which, in turn, 

is responsible for a lower average electric field between them, 

thus decreasing the chances of an encounter. 

Finally, when modelling the upward leader as a finite line 

charge with a charge density of 50 𝜇𝐶 [11], the attractive radius 

and collection area values obtained for both wind turbine 

configurations remain approximately equal to the values 

obtained when using the upward leader tip potential expression 

suggested by Rizk. Thus, as far as the electrical properties 

addressed goes, the upward leader electrical property influence 

on both the attractive radius and collection area can be 

considered to be non-existent. 

VII. CONCLUSIONS 

The main goal of this work is to present a computer program 

capable of computing the attractive radius of a structure by 

taking into account the physics related to the lightning flash. 

The program is called “LINC” and is based on the leader 

progression model created by Rizk. Once the attractive radius 

is known, the average annual number of dangerous events due 

to lightning flashes to the wind turbine can be calculated. 

 The computer program proper functioning is then verified by 

comparing the attractive radius values calculated using “LINC” 

and Rizk’s model under the same conditions, making it possible 

to apply “LINC” to the wind turbine and thus calculate the 

attractive radius and collection area associated with it. 

 Considering the same wind turbine configuration as the one 

suggested by IEC 61400-24: 2010, the attractive radius and 

collection area are calculated using the standard and “LINC”. 

When using the standard, both remain constant as the peak 

current increases. However, when using “LINC”, both increase 

as the peak current increases. Also, by comparing the results 

obtained by both procedures, it is possible to observe that the 

collection area given by the standard can be underestimated for 

peak currents higher than 58 𝑘𝐴, which, in turn, can lead to an 
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underestimation of the average annual number of dangerous 

events due to lightning flashes to the wind turbine. 

 Then, when discussing the blade rotation influence on the 

attractive radius and collection area of the wind turbine, it was 

possible to conclude that wind turbine blades can be considered 

stationary in relation to the lightning flash. Therefore, the study 

on how the change in blades position affects the attractive 

radius and collection area is done by knowing how both are 

affected by the change in the total height of the wind turbine. 

Nonetheless, only the highest and lowest wind turbine 

configurations are considered. 

 Considering the lowest wind turbine configuration, the 

attractive radius and collection area are calculated using the 

standard and “LINC”. As seen for the highest configuration, in 

the case of IEC 61400-24: 2010, the attractive radius and 

collection area remain constant as the peak current increases, 

while in the case of “LINC”, both increase as the peak current 

increases. The comparison between them also shows that the 

collection area given by the standard may be underestimated for 

peak currents higher than 44 𝑘𝐴, which, in turn, can lead to an 

underestimation of the average annual number of dangerous 

events due to lightning flashes to the wind turbine. 

 The results obtained for both wind turbine configurations 

shows a big difference between the two of them. When applying 

IEC 61400-24: 2010, the collection area decreases significantly 

with the decrease of the wind turbine height. However, when 

applying “LINC”, the collection area increases significantly 

with the decrease of the wind turbine height. Despite being an 

introductory study, the observations made above mean that, by 

ignoring the wind turbine blade rotation influence on the 

attractive radius, the standard may not be considering the worst-

case scenario with respect to the average annual number of 

dangerous events due to lightning flashes to the wind turbine. 

 Finally, the influence of simulation parameters used by 

“LINC” on the attractive radius of the wind turbine is discussed. 

 Regarding the height at which the downward leader is 

initiated, results obtained by “LINC” show that the attractive 

radius does not depend strongly on the chosen height. On the 

other hand, by increasing the ambient electric field, the 

attractive radius increases significantly, especially for greater 

values of the electric field. When it comes to the downward 

leader tip potential, the attractive radius calculated considering 

an increasing leader tip potential in agreement with charge 

distributions suggested by Golde, Eriksson and Rizk was found 

to be considerably larger than the one calculated assuming a 

constant leader tip potential in agreement with the distribution 

suggested by Cooray. As far as the ratio between downward and 

upward leader’s velocity is concerned, the attractive radius 

increases significantly by using the varying ratio assumed in 

[33] instead of the constant ratio assumed in [8]. At last, 

according to the available data, the electrical property chosen to 

characterize the upward leader does not seem to affect the 

attractive radius. Further testing is, however, necessary to 

ascertain the observations made here. 

Future work will focus on estimating the average annual 

number of dangerous events due to lightning flashes to the wind 

turbine using the expression suggested by IEC 61400-24: 2010, 

where the attractive radius is now computed by "LINC". The 

results can then be compared to values calculated using other 

procedures or real values. It should be noted, however, that the 

attractive radius, and thus the average annual number of 

dangerous events due to lightning flashes to the wind turbine, 

are calculated based on the likelihood of downward lightning 

attachment. For that reason, the obtained values using “LINC” 

should still be lower than the actual values. Additionally, in 

order to identify possible improvements regarding the 

effectiveness and accuracy of “LINC”, a more in-depth analysis 

of the relationship between the simulation parameters used by 

“LINC” and the attractive radius may still be necessary. 
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