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This dissertation deals with research on the numerical modelling of electrical discharges in
laboratory long air gaps excited with positive switching impulses. It begins with the preliminary
work of several scientists during the last decades, making a detailed analysis of different
approaches for modelling all the stages in a full discharge. The relations between these models
are identified as well as the effect on the outcome when modifying some important input
parameters.

The general concept describing the discharge phenomenon usually includes three main
elements: the streamer inception, the streamer-to-leader transition and the stable leader
propagation. These elements are present in many of the analysed models and the main
differences between them are the assumptions and simplifications made by each author at
a specific point in their methodologies. The models are usually simplified by assigning
experimentally determined values to physical constants pertinent to different stages of the full
discharge. These constants are the potential gradient in the leader-corona region to sustain
the leader propagation, the charge per unit length along the leader channel which depends on
the atmospheric conditions and the voltage impulse wave shape; and the leader propagation
velocity, which is closely related to the discharge current. The dissertation includes the results
of laboratory work related the study of leaders in long gap discharges, electrical parameters
and optical records. By reconstructing the three-dimensional leader propagation for the rod-to-
plane configuration, it was possible to study the random tortuous path followed by the leader
as it propagates.

One important element included in the discharge modelling is the representation of the leader-
corona region in front of the leader tip as it propagates towards the grounded electrode. For
the calculation of the net charge available in the leader-corona region, two new methodologies
were pro-posed based on the electrostatic potential distribution obtained from a finite element
method solver. This allowed the inclusion of more elements representing different parts of the
discharge in the simulation domain.

In the final part, all the analysed elements and the new proposed ones were included in a new
methodology for the modelling of electrical dis-charges in long air laboratory gaps. The results
obtained from this methodology were compared to experimental data. A good agreement was
found between the simulation results and the experimental data.
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Nomenclature and abbreviations 

DC Direct current systems 
AC Alternating current systems 
U50% 50% probabilistic breakdown voltage 
HV High Voltage 
PDE Partial differential equations 
FEM Finite element method 
FACTS Flexible alternating current transmission systems 
HVDC High Voltage direct current systems 
LCR Leader-corona region 
SSI Single surface integral method 
CMM Capacitance matrix method 
CSM Charge simulation method 
CCD Charge-coupled device image sensor for the fast camera 
E/p Electric field divided by gas pressure 
E/N Reduced electric field 
Nstab Stabilization charge 
α Ionization coefficient for electron avalanche in electrical gas dis-

charges 
η Attachment coefficient for electron avalanche in electrical gas dis-

charges 
qL Electric charge per unit length for the leader channel advancement
ESC Constant electric gradient to sustain streamer discharge inside the

LCR 
ΔUl Potential drop along the leader channel 
lZ Leader channel vertical length 
E∞ Leader gradient ultimate value 
Ei Leader gradient initial value 
x0 Space constant for the Rizk leader channel model 
a0, a Leader channel radius, initial and last 
N0, N Leader channel particle density, initial and last 
γ Constant ratio between specific heats 
aj0, aj Leader channel radius at the j-segment, initial and last 
Nj0, Nj Leader channel particle density at the j-segment, initial and last 
ULtip Potential at the leader tip 
ΔQSC Calculated charge step in the LCR, injected into the leader channel
xL Leader channel tip location for the Lalande-Goelian leader model 



 

xSC Streamer front location (LCR limit), for the Lalande-Goelian 
leader model 

K Factor for the streamer number and geometry with the Lalande 
method for the calculation of ΔQSC in the LCR 

KQ Factor for the calculation of the ΔQSC with the Becerra-Cooray 
method 

dQj Charge element for the calculation of the ΔQSC in the Arevalo 
method 

Cij Capacitance matrix element, used for the estimation of ΔQSC with 
the CMM 

ε0 Vacumm permittivity 
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1. Introduction 

The fast technological revolution of the 20th century would have not been 
possible without the development of bigger and more reliable energy systems. 
The progress, from the earliest DC transmission systems to the present-day 
AC/DC systems with hundreds of kilovolts, came with a continuous escalation 
in the requirements for the insulation systems. The use of external air insula-
tion in most transmission lines and substations is closely linked to the pertur-
bations and transients caused by lightning strikes and switching operations 
and the repercussions these have on all the elements interacting within the 
power grid. 

To be able to design and build bigger and more robust power networks, one 
needed to understand and be able to predict all the physical phenomena in-
volved in the electrical discharge. The first approaches relied mainly on labor-
atory testing. Different electrode configurations, resembling real cases, were 
tested to find out the 50% probabilistic breakdown voltage (U50%), both for 
fast and slow front voltage impulses. Most of the early theoretical work ad-
dressed small gap phenomena and electrical discharges considering different 
types of gases, electrodes, etc.  

The improvement of the high voltage (HV) laboratory techniques and a 
better understanding of the phenomena involved in electrical discharges oc-
curring in larger atmospheric air gaps, lead to an improved design of HV 
equipment and facilities. Consequently, the power systems became more reli-
able when operating at higher voltage levels. 

During the last decades, the use of faster and more powerful computational 
resources allowed researchers to propose different and more complex meth-
odologies to describe the long air gap electrical discharges. The methods range 
from models using a simplified representation of the discharge (such as an 
arrangement of electrical charges), to more complex models where the con-
servation of mass, momentum and energy equations for several species avail-
able in the atmospheric air are solved simultaneously with the electrostatic 
potential distribution. 

This dissertation deals with the study of models available to represent the 
electrical discharge in laboratory long air gaps when tested with positive 
switching voltage impulses. It analyses the different stages of the electrical 
discharge as building blocks and the way these could be used or interchanged 
in the various methodologies to represent the full breakdown event. 
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1.1. State of the art 
The study of electrical discharges dates back to observations made by our 

ancestors. They tried to understand the lightning phenomena present in nature. 
During the last two centuries, scientific knowledge has increased enormously 
and encompasses the electromagnetic theory and the detailed description of 
electrical discharges. As mentioned in the introduction, during the last decades 
the knowledge and understanding of long air gap electrical discharges has 
evolved with the growth of the electrical energy systems, and their require-
ment to provide uninterrupted energy transmission. 

It would be too complex to mention all the contributions from scientists 
who have worked on electrical discharges, especially long air gap electrical 
discharges, in this thesis. Therefore, the time range was set to about 50 years, 
starting with the work of  Les Renardières group [1–3]. The group’s extensive 
research spanned more than a decade. It included rigorous laboratory work 
alongside theoretical work by scientists from different countries, who made 
important contributions [4–9] as well as by other scientists from different in-
stitutions [10–14].  

All the stages involved in the long air gap are now fully recognized. How-
ever, there is still no absolute model that can represent accurately and simul-
taneously, all the physical phenomena and the transitions occurring between 
the stages in a full discharge [15]. Given the complexity of all the physical 
phenomena involved, proper assumptions must be made to simplify its repre-
sentation. 

The existence of more powerful computational resources permitted the im-
plementation of more complete models to represent the phenomena taking 
place during the different stages of the electrical discharge. This includes the 
capability of solving larger systems of partial differential equations (PDE) for 
mass, energy and momentum equations, and their electromagnetic interaction. 

There have been different approaches to explaining the whole electrical 
discharge in long air gaps. Some authors go into greater detail [9, 16], and 
others make assumptions to simplify their models [17–20]. Our research 
group’s recent work on lightning attachment, is closely related to the model-
ling of long air gap discharges [21–24]. 

The current simulation techniques are computer based. The simulations are 
limited by the model complexity and the amount of available computational 
resource. The computational resource can stretch from personal computers to 
large clusters with hundreds of processors and memory and storage capacity 
in the several terabytes range. The use of Finite Element Method (FEM) solv-
ers has facilitated the time demanding task of estimating the electrostatic po-
tential distribution in the simulation domain, including all the elements used 
to represent the discharge geometry. The FEM solver can also be used to solve 
partial differential equations [25]. 
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1.2. Research question and goals 
The computer simulation has become a very important tool during the de-

sign processes in the industry. Most times, it can reduce costs during the prod-
uct development. However, a simulation can also predict the behaviour of the 
whole physical system output by modifying some of its input variables, a task 
that in the real case scenario might be too complex. If the model used is set up 
consistently and validated properly, a simulation can be of great interest to 
research and development teams in several engineering applications. 

For HV equipment, the new designs are oriented towards higher operative 
voltages imposed by the larger use of flexible alternate current transmission 
systems (FACTS) in combination with high voltage direct current (HVDC) 
systems. During the design stage, most costs arise from testing in large HV 
facilities. These have become rare and expensive during the last decades.  

Consequently, this dissertation endeavours on the physics of the discharge 
and interpretation of laboratory results for the estimation of U50% voltages for 
different electrode arrangements. The proposed new methodology considers a 
tortuous leader progression in a three-dimensional domain, which permits the 
study of non-symmetric geometries. 

1.3. Thesis outline 
Chapter 2 refers to the generalities of the positive long air gap discharge, 

presenting the different stages of the whole phenomenon. 
In Chapter 3, the leader channel is analysed in detail, as it is one of the 

most important parts of the discharge. Some leader channel models proposed 
in literature were analysed in Papers I and II. Further work was devoted to 
the experimental study of the leader channel propagation, giving special at-
tention to its tortuosity, which was reported in Paper III.  

Chapter 4 presents a more general aspect of the simulation methodologies. 
Various models and methodologies were studied to represent the approaches 
of other authors. 

Chapter 5 focuses on the different methodologies available to evaluate the 
amount of charge available in the leader corona region (LCR) in front of the 
leader tip as it propagates. Two new methodologies to do this estimation, the 
single surface integral (SSI) and the capacitance matrix method (CMM) were 
presented in Paper IV. 

Finally, the results of using the new SSI and CMM methodologies and their 
implementation in a numerical model used to model non-symmetric geome-
tries submitted for publication in Paper V, are presented in Chapter 6. 
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2. Generalities of the positive long laboratory 
air discharge 

One of the most important contributions by Les Renardières Group [1–3] 
is to identify and analyse in detail the structure of the positive electrical dis-
charge in long air gaps, tested with HV impulses. For the rod-to-plane elec-
trode configuration, records of voltage, current, electric field and optical radi-
ation were reported. Since this is one of the most commonly studied electrode 
configurations, the description presented on this section focuses on it. In the 
case of less sharp HV electrodes (larger tip radius), such as spheres or hemi-
spheres, the main differences compared to the rod-to-plane configuration were 
also mentioned. Fig. 1 presents a general view of the positive electrical dis-
charge. 

 
Figure 1. Streak image and schematic representation of a positive long air-gap dis-
charge, occurring when testing a cone-to-plane electrode arrangement with a positive 
voltage switching impulses 500/2500 µs and Ucr = 2.5 MV (adapted from [26] with 
permission from the editor). 

In general, the positive long air gap can be divided into three main stages: the 
streamer inception (t1), the streamer to leader transition (t2) and the leader 
progression that will eventually lead to a full breakdown (t3). A more detailed 
explanation of each stage is presented in the next subsections. 
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2.1. Streamer inception 
The streamer inception, also known as the corona inception or first corona, 

is a direct consequence of ionization processes near the electrically stressed 
electrode, in a non-homogeneous electric field distribution. Once a free elec-
tron is able to initiate one avalanche, it can grow further if certain conditions 
are met. The conditions are mainly linked to the electric field intensity on the 
HV electrode. The availability of this free electron is a statistical process. As 
a consequence, it produces statistical time lags for the occurrence of the 
streamer inception for similar experimental conditions (geometry and electri-
cal stimulus) [9]. 

Many authors use the Meek’s criterion for streamer inception [27, 28]. 
Starting with Townsend’s theory for avalanche discharge in atmospheric air, 
one finds a minimum amount of electrical charge in the avalanche head to 
sustain the streamer propagation. This stability charge is related to the ioniza-
tion and attachment coefficients. These have been estimated experimentally 
for several gases as a function of the reduced electric field E/N or the electric 
field divided by pressure E/p [29]. The stabilization charge can be estimated 
by: 

 Nୱ୲ୟୠ=e׬ (஑-஗)∙ୢ୶౮భ౮బ   (2.1) 
 
where Nstab is the stabilization charge, α and η are the ionization and attach-

ment coefficients respectively, in a way that more charges are produced than 
those that are lost, i.e. α-η > 0. This condition is usually met when the total 
electric field (space charge plus background) in the ionization region, also 
known as the active region in the HV electrode vicinity, is higher than 26 
kV/cm. Both coefficients are a function of the local E/N in a given region 
between x0 and x1 where the criterion is evaluated. In this simplified calcula-
tion, the effects of diffusion and charge distortion are disregarded. For atmos-
pheric air, the minimum Nstab is found when [7, 30]: 

׬  (α-η)∙dx	≅	18	-	20୶భ୶బ 	 	 (2.2)	
 
Substituting these values in (2.1) one finds that Nstab varies between 6.5·108 

and 4.8·109 ions. In experiments, the streamer inception has been observed as 
several streamer branches that originate from a common point on the electrode 
surface, as it can be seen at t1 in Fig. 1. A current impulse is then recorded, 
with a rise time of 10 to 50 ns and 200 to 500 ns of tail time [9, 15].  
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2.2. Streamer-to-leader transition 
The concept of streamer-to-leader transition, also known as leader incep-

tion or second corona, can be applied to the leader inception at the common 
stem of the streamers on the electrode surface. At the same time, it can be 
applied to the formation of a new leader section within the corona region [15], 
as presented in Fig. 1 for t2. 

After streamer inception at t1, there is a period of low radiation and reduc-
tion of injected charge, known as the dark period, which is influenced by the 
charge injected in the streamer inception, the electrode shape and the resultant 
electric field distribution. According to experimental results, the dark period 
becomes shorter for HV electrodes of large curvature and increases for sharper 
ones. This is due to the different amount and the distribution of the charge 
produced in the corona region after the streamer inception [2, 6, 9]. An exam-
ple of a current record for a sharp electrode tested with a positive voltage 
switching impulses is presented in Fig. 2. 

 
Figure 2. Streamer onset and streamer-to-leader transition when testing a cone-to-
plane electrode arrangement with positive voltage switching impulses. Note the dark 
period of ca. 6 µs between the two current increments (experimental data adapted from 
Les Renardières group [9]). 

  
The duration of the dark period has been associated with a critical radius 

on the HV electrode [2, 13], which depends mainly on the electrode geometry 
and the gap length. For a given radius below the critical value, the U50% is 
constant, while having a different streamer inception and different streamer-
to-leader transition voltages. In the opposite case, the U50% increases with the 
equivalent radius and the streamer inception and the streamer-to-leader volt-
ages tend to be the same (the dark period is almost zero). 
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An early approach to explain this transition was proposed by Aleksandrov 
[10]. He considered that all electrons produced in the streamer converged into 
a common stem. There they released energy by collisions with the neutral gas, 
which would eventually heat up the common stem of the streamer, increasing 
its conductivity and decreasing its internal electric field. Gallimberti [9] de-
parted from this concept and proposed a more detailed thermo- hydro-dynamic 
model for the streamer-to-leader transition in atmospheric air. A minimum 
streamer corona charge of 1 µC is estimated to be necessary to heat the com-
mon stem above a critical temperature threshold which corresponds to the 
thermal detachment of negative ions (ca. 1500 – 2000 K) to build the first 
stage of the leader channel. 

2.3. Leader propagation 
Once the streamer processes in front of the stressed electrode have given 

way to the formation of the early leader channel stem, it will start to propagate 
if the streamer ionization at its tip is high enough to sustain the supply of 
charge. Records of the measurable physical variables in laboratory conditions 
are well documented and correspond with the theoretical analysis of the pro-
cesses associated with leader propagation [1–3, 7, 9, 14]. A photograph of the 
growth and propagation of the leader channel can be seen in Fig. 3. One can 
see the channel and the leader-corona region (LCR) as a luminous cone in 
front of the leader tip as it propagates towards the grounded plane [26]. 

 
Figure 3. Frame photograph from a 10 m cone-to-plane electrode configuration 
tested with positive voltage switching impulses 500/10000 µs (adapted from [26] 
with permission from the editor). 

For the switching voltage impulses (slow front), the effective propagation 
velocity remains between 104 and 105 m/s [31, 32] and the current at the chan-
nel base remains almost constant at 1 A. The leader current and velocity are 
related by the constant qL. This constant represents the amount of electric 
charge required per unit length for the leader advancement, depending mainly 



 18

on the relative humidity, changing between 20 and 50 µC/m, for 12 and 5 g/m3 
respectively [2, 9, 18, 19, 26]. After the streamer-to-leader transition, the con-
tinuous propagation of the leader takes place in most cases until the LCR limit 
reaches the grounded plane. At this point the discharge most probably will 
reach the breakdown stage. The leader tip location at the moment when the 
LCR limit reaches the grounded plane is known as the final jump height. More 
detailed descriptions of the models available for the representation of the 
leader channel and the LCR are presented in Chapter 3 and 4.
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3. Leader channel modelling 

Among the experimental and theoretical work introduced in Chapter 2, var-
ious models to represent the leader channel have been proposed. Depending 
on the level of detail, they can be classified as the engineering type or the 
physical type. The engineering models combine the knowledge of the general 
physical discharge characteristics required to predict the U50% and its statisti-
cal variation [7]. Physical models on the other hand base their calculations on 
the conservation of mass, momentum and energy, continuity of charged, neu-
tral and excited species available during the discharge development coupled 
with basic electromagnetism. Additional information like the number and type 
of chemical reactions between different species, the temperature, channel ra-
dius, potential distribution, LCR limit and leader tip location in time and 
space, may be obtained as well. 

3.1. Leader channel models  
Both engineering and physical leader models were studied in Paper I. The 

engineering models studied were due to of Jones [7], Hutzler [33], Bazelyan 
[34] and Rizk [17, 35]. The physical models studied were due to Waters [3, 5, 
7] and Gallimberti [3, 9], and the extension of the Gallimberti model by La-
lande [18]. The assumption of a constant potential gradient required to sustain 
the streamer discharge ESC in the LCR is widely utilized in both the engineer-
ing and the physical models, such as the models of Jones, Hutzler, Bazelyan, 
Waters, and Gallimberti/Lalande. At the same time, the constant charge per 
unit channel length qL is assumed by Hutzler, Waters and Gallimberti/Lalande. 

The mentioned models of Rizk and Lalande were analysed in a greater de-
tail in Papers II and VII. The main element of the comparison was the poten-
tial distribution along the channel and at the leader tip. Some input constants 
from each model were modified and output variables like the extension of the 
LCR and the leader tip potential were examined. 

The engineering model of Rizk is based on an electrostatic representation 
of the LCR and the leader channel by point electrical charges located at a cer-
tain distance from the electrode tip. The model shares common concepts from 
Jones [7] and Hutzler [33] for the leader gradient calculation. The potential 
distribution along the leader channel for a rod-to-plane electrode arrangement 
can be calculated as a function of the channel length lZ (3.1): 
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 ∆ ௟ܷ = ݈௭ ∙ ஶܧ + ଴ݔ ∙ ஶܧ ∙ ݈݊ ൤ ா೔ாಮ − ா೔ିாಮாಮ ∙ ݁ି௟೥ ௫బൗ ൨	 (3.1)	
 
where Ei and E∞ are the initial and ultimate values of the leader gradient. x0 

is a space constant estimated by x0 = vL·ϴ (vL being the leader propagation 
average speed and ϴ a time constant with value ϴ = 50 μs). 

 
The physical thermo- hydro-dynamic model of Gallimberti [3, 9] is a sim-

plified non-local thermal equilibrium model for a weak shock. The model as-
sumes that the channel can be represented as a homogeneous cylinder sur-
rounded by a dense shell. Over the channel cross section, the pressure, tem-
perature and particle density remain constant. Starting from the energy bal-
ance for the channel core and shell, the model is able to evaluate the channel 
radius (3.2) and the potential drop along the channel, assuming a constant 
amount of mass that behaves like an ideal gas (3.3): 

 πaଶ=ට(πa଴ଶ)ଶ+2 ஓ-ଵஓ ∙ ୉୒ ∙ ୒బ∙஠ୟబమ୮ ∙q୐∙∆x୐	 (3.2)	
 
 
Where N, N0 and a, a0 are the radius and particle density at times t and t0, 

respectively, γ is the constant ratio between specific heats (γ = cp/cv), E is the 
internal channel electric field, p is the gas pressure, ΔxL is the distance the 
leader tip has travelled during the period of time t0 to t. Thus, the new radius 
a, at a location xL along the leader channel, results from the expansion of the 
initial radius a0. By integrating the electric field in (3.2), the potential drop 
along the leader channel is calculated (3.3). 

 ∆U୐(x୐)= ஓஓ-ଵ ∙ ୮஠ୟబమ୯ై ∙ ൬ට1+ ଶ(ஓ-ଵ)ஓ ∙ ୉୒ ∙ ୒బ୮஠ୟబమ ∙q୐∙∆x୐-1൰	(3.3)	
 
 
Lalande [18] discretizes the channel radius evolution, so the leader is com-

posed of several segments. In each segment, the radius and internal electric 
field change every time step in an iterative methodology (3.4): 

௝ܽଶ = ௝ܽ଴ଶ + (ఊିଵ)∙ாೕ∙∆ொೞ೎ఊ∙గ∙௣ 	 (3.4)	
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where aj and aj0 are the present and previous leader j-segment radius, Ej is 
the j-segment internal electric field, and ΔxL is the segment length. Based on 
a constant particle number, i.e. Nj·πaj

2 = Nj0·πaj0
2 (where Nj is the particle den-

sity of the j-segment), the reduced electric field is constant at each segment at 
any time. The evolution of the leader segment internal electric field can be 
estimated as (3.5): 

௅௝ܧ  = ாಽೕబேೕబ ௝ܰ	 	 (3.5)	
 
where the sub-index ‘j0’ in the electric field (Ej0) and the particle density 

(Nj0) indicate the variable previous value in the j-segment. By knowing the 
evolution of the internal electric field, it is possible to estimate the leader tip 
potential (ULtip) as (3.6): 

 

௅ܷ௧௜௣ = ܷ଴ − ∑ ௅௝ܧ ∙ ௅௝௡௝ୀଵݔ∆  (3.6) 

3.2. Leader channel model parameter analysis 
The leader channel model analysis was done in Paper II and VI by modi-

fying input parameters in both Rizk’s and Lalande’s models (Section 3.1) to 
evaluate their influence on the output variables such as the leader tip potential, 
the LCR length, the breakdown voltage and the breakdown time.  

The analysis was done in comparison with the experimental data reported 
in [2] of a breakdown event. It consisted of data pairs of the leader tip location 
and time extracted from a full discharge streak image, as shown in Fig. 4. 

 
Figure 4. Leader tip location. Experimental data from a discharge streak image [2] 
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The experimental setup consisted of a 10 m rod-to-plane electrode arrange-
ment in air, tested with positive voltage switching impulses of Ucr = 1.7 MV 
and 500/10000 μs waveshape. The tip of the rod was a 10 mm radius cone. 
The leader tip location was used as the common data input for both models. 
In the Rizk model the leader length was used directly in (3.1). For the Lalande 
model, the leader channel was discretized into leader segments. Then, these 
segment lengths were multiplied by a constant charge per unit length qL to 
obtain the charge increments used in (3.4), i.e. ΔQSC = qL·ΔxL.  The input pa-
rameters modified for both models are presented in Table 1. 

Table 1. Model parameters modified for comparison 
Model Parameter Range Description 

Rizk Ei 300 – 500 kV/m Initial leader gradient 

Rizk E∞ 20 – 50 kV/m Final/ultimate leader gradient 
Rizk x0 0.5 - 1 m Space constant 

Lalande ESC 300 - 500 kV/m LCR potential gradient 

Lalande qL 20 -50 μC/m Electric charge per unit length along the leader channel 

 
In total, 60 cases for the Rizk model and 45 cases for the Lalande model 

were analysed with the parameter combinations shown in Table 1. Figs. 5 and 
6 summarize the results. For the Rizk model (Fig. 5), the results where both 
Ei ≥ 450 and E∞ ≥ 40kV/m, the final jump condition was achieved after the 
voltage impulse reached the crest time (500 µs). 
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Figure 5. a) Leader tip potential (Utip, solid lines) and LCR length (dashed lines) as a 
function of Ei and E∞ using the Rizk model at the final jump condition (except cases 
with both Ei ≥ 450 and E∞ ≥ 40 kV/m. b) Breakdown voltage (solid lines) and break-
down time (dashed lines) as a function of Ei and E∞ using the Rizk model (except the 
cases with Ei ≥ 400 kV/m).  The value of x0 (3.1) used for plots a) and b) was x0=0.75 
m. 

For the Lalande model (Fig. 6), in the cases where both ESC ≥ 450 kV/m 
and qL > 50 µC/m, the final jump condition was achieved after the voltage 
impulse reached the crest time (500 µs). 
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Figure 6. a) Leader tip potential (Utip, solid lines) and LCR length (dashed lines) as a 
function of ESC and qL using the Lalande model at the final jump condition, except the 
cases with both ESC ≥ 450 kV/m and qL ≥ 50 µC/m. b) Breakdown voltage (solid lines) 
and breakdown time (dashed lines) as a function of ESC and qL using the Lalande 
model (except cases where ESC > 400 kV/m) 

3.3. Experimental work on leader channel tortuosity 
and propagation velocity 

Paper III reports on experimental work done on leader tortuosity and prop-
agation velocity for laboratory long air gaps. A rod-to-plane electrode arrange-
ment with a gap of 7 and 8 m was tested with positive voltage switching im-
pulses. One of the main interests was to have first-hand electrical and optical 
records for the full discharge. For the optical records, two still cameras (Cam1 
and Cam2) and one fast CCD recording camera were used to acquire images 
of the full discharge events. 

The still camera images were software processed to find the two-dimen-
sional leader path between the rod tip and the ground plane. Then, using pro-
jective geometry for each still image from two different points of view, the 
Cartesian orthogonal three-dimensional location of the channel was found for 
each discharge. The original and the processed images and the leader path for 
an 8 m gap test, are presented in Figure 4. 
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Figure 7. a, b) Original still images from two different angles; c, d) black and white 
software processed images of the original photos; extreme right: reconstructed 
leader three-dimensional path and its projections on the Cartesian orthogonal planes. 

For the leader propagation velocity estimation, a fast CCD camera (time 
between frames 2.86 µs) was placed beside Cam1. Fig. 8 shows samples of 
the frames acquired with the fast CCD camera for the same test as in Fig. 4. 

 

 
Figure 8. Fast CCD camera frames for an 8 m positive voltage switching impulses. 
Note the restrike events on the frames labelled t=114.28 and t=134.28 µs and a 
branching event at t=140 µs. 
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After the software image processing, it was possible to estimate the changes 
in the direction of the leader tip on its way to the ground and its propagation 
velocity from the fast CCD camera records. Following the angle description 
given by Gu et al. [31] (see Fig. 9), the leader tortuosity can be described with 
three angles: 

 
Figure 9. Tortuosity angles proposed by Gu et al. [31] 

α – angle between two consecutive leader segments (0, π) 
θ – the leader segment inclination with respect to the gap axis; also known 

as the polar angle (0, π) 
φ – the leader segment projection on a reference plane (e.g. XY), also 

known as the azimuthal (-π, π) 
 
 From the experimental work, the angles between the leader segments were 

calculated and their probability density functions estimated. A summary of the 
functions found for the analysed leader channels is presented in Table 2. 

Table 2. Probability density functions for the tortuosity angles calculated 

Leader Angle PDF type Mean Variance 

α – alpha Log-normal 6.3 34.5 
θ – theta (polar) Log-normal 20.9 437
φ – phi (azimuth) Non-parametric, normal kernel (bandwidth 20.3) 

 
From a combination of the still and fast CCD camera records, it was possi-

ble to estimate the propagation velocity of the leader tip. The mean leader 
velocities were 8.5 and 9.4 cm/µs for the 8 and 7 m gap length respectively. 
The tortuosity angles and leader velocity are in good agreement of with the 
findings reported in [31, 36]. 
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4. Methodologies for the full breakdown 
modelling 

 One of the main interests of the scientific community working on long air 
gap breakdown is helping the design of HV equipment insulation by accu-
rately predicting the U50% for a given electrode arrangement. Through experi-
ments, different electrode configurations have been tested with lightning and 
switching voltage impulses. Important characteristics were visualized, such as 
the U-curves found for the U50%, while modifying the time-to-crest for a single 
electrode geometry [1, 11]. 

As discussed in Section 3.1 for leader channel models, there are two ap-
proaches that can be used for the estimation of the U50% of a long air gaps 
tested with positive voltage switching impulses: engineering models and phys-
ical models. In the following subsections, some engineering models and meth-
odologies based on physical models are briefly presented as it is an important 
base for this thesis. 

4.1. Methodologies based on engineering models 
4.1.1. Lemke model 

This model [37] considers the final jump stage of the full discharge and is 
based on the fact that the total potential difference across the gap is the sum 
of the voltage drops along the leader channel and the LCR. The gradient in the 
LCR is assumed constant (ES) and the variation of the potential along the 
leader channel would depend on the total gap length (d), and a parameter a0. 
This model predicts the U50% for a given electrode configuration e.g. the rod-
plane, the bundle conductor-plane or the bundle conductor-tower, by giving 
different values to a0. 

 
4.1.2. Aleksandrov model 

In this model [38], a critical charge Qcr formed near the positive HV elec-
trode is a prerequisite for a continuous leader development. Qsc is made of the 
charge on the electrode at the streamer onset, plus the space charge at the 
leader inception. This charge relates to the U50% through the equivalent capac-
itance of the electrode. 
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4.1.3. Jones model  
Jones model predicts the U50% of the rod-to-plane and explains the U-shape 

dependence of the positive voltage switching impulses strength with the im-
pulse time-to-crest. The model indicates that in a gap of length d, with a leader 
length lZ, a threshold potential should be surpassed in order to sustain contin-
uous leader propagation. The potential along the channel is considered pro-
portional to its length times the constant gradient [7]. 

 
4.1.4. Carrara-Thione model 

The model [13] is based on laboratory measurements for the rod-to-plane 
and conductor-to-plane conductor. It introduces the concept of a critical radius 
for the HV electrode, above which the streamer and streamer-to-leader transi-
tion occur at almost the same voltage. Below critical, the voltage for the 
streamer inception remains practically constant at the same value of voltage 
for the electrode with the critical radius. This radius can be determined exper-
imentally for different gap distances and different electrode tip radii. 

 
4.1.5. Hutzler model  

This model [33] is based on Jones model from Section 4.1.3 to calculate 
the temporal development of the leader in a rod-to-plane configuration. It re-
quires a critical field Ec of 31 kV/m for the leader propagation on an equivalent 
leader radius of 0.3 m. It considers the leader current in terms of the electric 
field, which is related to the propagation velocity with the constant qL (Section 
3.1). The internal leader gradient is governed by a differential equation that 
accounts for the time variation of the electric field. It is assumed that the leader 
propagates in segments and a random angle referenced to the discharge axis 
is considered for each new segment to include the leader tortuous propagation. 

 
4.1.6. Bazelyan model  

For this case [34], the electrostatic energy deposited in the equivalent spark 
channel capacitance is considered as the upper limit for the energy released in 
the channel. The equivalent leader capacitance is set to 25 pF/m and the 
streamer-to-leader transition happens at a minimum voltage between 200 – 
300 kV. The leader internal gradient is estimated from an empirical formula 
as a function of the leader current and life time. Another experimental expres-
sion is used to correlate the leader propagation speed with the leader tip po-
tential. 

 
4.1.7. Rizk model  

Similar to the previous models, for the rod-to-plane configuration, the pos-
itive streamers converge to an ionized stem at the HV electrode. The LCR and 
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the early leader stem (length s) are represented by a point charge Q0 located at 
a distance s0 from the HV electrode, much shorter than the gap length. The 
background electric field Elc at the stem tip is given by Elc = Ulc/req, where Ulc 
is the HV electrode voltage and req is the stem equivalent radius. 

The continuous leader propagation happens when the electric field at the 
stem tip exceeds a critical level Ecr. The final jump (hfj) stage will take place 
when the leader tip potential is equal to Ulc = ESC·hfj, where ESC is the constant 
positive streamer gradient in front of the leader tip [17, 35, 39]. 

4.2. Methodologies based on physical models 
There has been more interest in the full discharge modelling these last dec-

ades, because of the possibility to incorporate more complex elements of the 
different stages of the discharge within a single methodology. There are dif-
ferent approaches by authors such as Los [40] and Fofana [20, 41]. However, 
the Lightning Research group at Uppsala University has been particularly in-
terested in methodologies based on the work of Gallimberti [9], like the work 
of Lalande [18] and Goelian [19]. This is due to their accuracy and the easy 
implementation for several cases related to long air gaps and lightning attach-
ment as shown by Becerra [21, 22], Arevalo [23, 24] and this dissertation. One 
element that is common to all of them is the calculation of the electric charge 
available in the LCR to feed the leader channel as it propagates towards 
ground. This topic was analysed in Paper IV and is presented in Chapter 5.  

 
 

4.2.1. Lalande-Goelian methodology 
This methodology [19] is based on previous works [18, 42]. It consists of 

four main physical processes: 
a) The Leader Corona Region (LCR), also known as corona region: re-

quires a minimum electric field to sustain further ionization in front of 
the leader tip. 

b) The leader tip (or head): the charge injected from the LCR produces 
Joule heating of the cold gas in front, converting the cold diffuse glow 
at the LCR into a hot channel. 

c) The leader channel: weakly ionized plasma with low internal potential 
gradient that expands radially  

d) The streamer-leader system: allows the propagation of the whole dis-
charge given that the ionization at the LCR supplies charge and energy 
to the channel. The latter has an internal low potential drop allowing a 
potential high enough at the leader tip to sustain discharges further at 
the LCR. 
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A schematic representation of the potential distribution for the rod-to-plane 
electrode arrangement is shown in Fig. 10. 

 
Figure 10. Potential distribution along the discharge axis for a positive discharge. 
Note the locations of the leader tip (xL), the LCR limit or streamer front (xSC) and the 
grounded plane at a distance D. 

The methodology’s major assumptions are based on the electrostatic repre-
sentation of the different stages of the discharge, such as the space charge, the 
potential distribution and gradients. The background potential distribution is 
solved analytically for hyperbolic electrodes. The streamer inception (Section 
2.1) is achieved when the criterion (2.2) is fulfilled. The potential gradient 
inside the LCR (ESC in Fig. 10) is constant and superimposed over the back-
ground potential distribution to find the LCR limit. The amount of charge 
available in the LCR is proportional to the shaded area in Fig. 10 and a factor 
K that considers all the streamers in the LCR as lineal distributions of the 
charge. The amount of LCR charge injected to the leader channel during each 
simulation step represents an increment in the channel length through the con-
stant qL, ie. ΔxL = qL·ΔQSC. 

 
The leader’s internal potential during its propagation is calculated follow-

ing the leader channel model of Lalande (Section 3.1). The breakdown condi-
tion is achieved when the LCR limit reaches the reference plane. During the 
leader progression, if the estimated charge within the LCR becomes negative, 
the withstand condition has been achieved. A general flow chart of the meth-
odology is presented in Fig. 11. 
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Figure 11. Flow chart of the Lalande-Goelian methodology (adapted from [19]) 

 

4.2.2. Becerra-Cooray methodology  
Based on the Lalande-Goelian methodology, the Becerra-Cooray method-

ology uses the geometric potential distribution which changes in time and 
space as the leader propagates, similar to the potential distribution shown in 
Fig. 10. The methodology has its own approach to evaluate the amount of 
charge in the LCR (see Section 5.1.3). The electrostatic calculations are done 
with the help of a FEM solver. Developed for the study of leader inception at 
grounded structures during the lightning flash event, it is also validated for 
long air gap experimental data from Les Renardières group [2] in [43, 44].  

 
 

4.2.3. Arevalo methodology 
The Arevalo methodology is also based on the Goelian-Lalande methodol-

ogy, and uses the time-space dependent potential distribution of the discharge 
gap. It has its own method for calculating the LCR charge (see Section 5.1.4). 
All of its electrostatic potential calculations are done using a FEM solver. The 
model includes statistical delays due to streamer inception and tortuosity of 
the leader channel based on experiments. Its main interest is to determine the 
U50% for different inter-electrodic configurations tested with positive voltage 
switching impulses, in addition to the lightning attachment of grounded struc-
tures [45, 46]. 
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4.2.4. New proposed methodology  
The new proposed methodology (Paper V) is also based on the Goelian-

Lalande methodology and makes use of the potential geometric distribution 
of Fig. 10 to estimate the LCR limit. It combines new features with some ele-
ments of the previous methodologies to estimate the U50% in an up-and-down 
routine for different inter-electrodic configurations tested with positive volt-
age switching impulses. Some new features are: 

- A statistic time delay time for the dark period between the streamer 
inception and the streamer-to-leader transition, depending on the elec-
trode sharpness. 

- Two new methods for the calculation of the LCR charge proposed in 
Paper IV (see Section 5.2). 

- The generation of a random path for the leader channel when propagat-
ing based on experimental measurements of long air gap laboratory 
leaders tested with positive voltage switching impulses (Section 3.3). 

- A code-controlled use of the FEM solver for the electrostatic potential 
calculation, which permits the construction of non-symmetric objects 
representing the electrodes, the leader channel and the LCR for a long 
laboratory air gap. 

 
This methodology uses the streamer inception criterion from Meek [27, 28] 

(Section 2.1), the streamer-to-leader criterion from Gallimberti [9] (Section 
2.2) and the Lalande leader channel model  (Section 3.1). Fig. 12 presents a 
general view of the flow diagram for the new proposed methodology. 

 
Figure 12. Flow diagram for the methodology proposed in this dissertation for the 
calculation of breakdown/withstand condition for a full discharge event. 
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5. Methods for the LCR charge calculation 

As mentioned in the previous section, all the analysed methodologies for 
the estimation of the breakdown in a positive long air gap require a procedure 
for the calculation of the LCR charge in front of the leader tip as it propagates. 
Given the complexity of all the physical phenomena occurring in the streamer-
leader system, good approximations have been made to explain the physical 
quantities involved in greater detail [9, 15]. The most common approach to 
this estimation starts with simplified theoretical models combined with some 
of the measurable physical variables of the discharge. Most times, these vari-
ables exclude the potential or the electric field magnitudes of the leader chan-
nel, and are mainly limited to voltage and current measurements and optical 
records, like those done in Paper IV. The next subsections are divided into 
the preliminary methods available in the literature and two new methods pro-
posed in this work. 

5.1. Preliminary methods 
5.1.1. Charge Simulation Method 

This method was used extensively a few decades ago as the main electric 
field calculation tool [47, 48]. The method consists of fictitious unknown 
charges located close to a known potential boundaries (control points), and 
same-magnitude, opposite-sign image charges equidistant from a symmetry 
plane in the middle. Castelliani [49] used this technique to analyse the bi-
leader discharge, representing the LCR like a series of charge rings. The po-
tential of the control points is assigned following the procedure described in 
Section 4.2.1 (see Fig. 10). The total charge enclosed in the LCR is calculated 
by adding the charge of all the rings. Fig. 13 shows a general representation 
of the LCR built from charge rings and potential points. 
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Figure 13. Potential points and charge rings for the CSM representation of the LCR 
in a rod-to-plane. 

 
5.1.2. Lalande Method 

Presented in [18, 19], the LCR limit in this method is determined following 
the geometric construction for the potential profile described in Section 4.2.1. 
The LCR charge is calculated considering the streamers as a collection of sev-
eral parallel charge segments, between the leader tip and the LCR limit. In the 
rod-to-plane configuration, the amount of charge in the LCR is estimated by 
finding the area enclosed by the background potential profiles and the super-
imposed constant potential gradient along the LCR (the shaded region in Fig. 
10), multiplied by a factor K that considers the segments’ number and geom-
etry. 

 
5.1.3. Becerra-Cooray Method 

This method estimates the LCR charge from the difference between the 
areas enclosed by the geometrical potential distribution of the constant poten-
tial gradient in ESC; which is superimposed over the background potential in 
front of the leader tip at two successive moments of the leader progression 
[21] (similar to the shaded region in Fig. 10). This area is then multiplied by 
a constant KQ, estimated from the CSM (Section 5.1.2) for different geome-
tries. In more recent work of Becerra [50], the LCR streamer charge is esti-
mated by solving the Poisson inverse problem by optimization in the streamer 
region  

 
5.1.4. Arevalo Method 

In this method [24], the electrostatic potential distribution in the simulation 
domain is calculated with a FEM solver. The output is then compared follow-
ing the procedure described in Section 4.2.1, to determine the electric field 
lines that fulfil the condition of the constant potential gradient ESC to sustain 
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streamer discharges in the LCR. Then, the volume that fulfils the condition is 
divided into n-layers. The electric charge in each layer is equal to the electric 
flux through a Gaussian surface that encloses the layer (5.1). Then, the total 
electric charge inside the LCR results from adding the individual charges dQj 
found for each layer (5.2): dQ୨=∮ ε଴EሬሬԦ∙dsሬሬሬሬԦୗౠ     (5.1) 

Qୗେ=∑ dQ୨୨ୀ୬୨ୀଵ 						(5.2)	
Fig. 14 shows a schematic representation of the LCR calculation elements 

used in this method. 
 

 
Figure 14. LCR representation used for the calculation of the total LCR charge with 
the Arevalo method (adapted from [24]) 

 

5.2. New proposed methods 
 

Based on electrostatic principles like the Gaussian electric flux integral and 
the capacitance matrix, two new methods were proposed for the calculation of 
the LCR charge. Since the FEM solver can be easily controlled by an external 
program in an iterative loop, the geometry of the configuration and the bound-
ary conditions can be modified continuously to implement either of the fol-
lowing methods for the LCR charge calculation in the new proposed method-
ology (Section 4.2.4). In both cases, the LCR is represented as a group of ring 
pseudo-electrodes, with potentials assigned following the procedure described 
in Section 4.2.1. This means that both methods can be implemented from the 
same electrostatic potential solution. Fig.15 presents an example of the geom-
etry simulated in FEM for a rod-to-plane electrode arrangement. 
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Figure 15. Elements used for the representation of the full discharge in long labora-
tory air gaps. Note the LCR potential rings surrounded by the Gaussian integration 
surface. 

Previously, Masloswki [51] used the Gaussian integration for estimating 
lightning channel corona and Ortega [52] used it for the study of the corona 
onset in long air gaps. In the Single Surface Integral (SSI) method, all the 
pseudo-electrodes in the LCR are surrounded by a unique closed surface S, 
and the electrical flux through this surface was evaluated to obtain the amount 
of net charge inside (5.3): Qୗେ	୲୭୲ୟ୪ = ∮ ε଴EሬሬԦ ∙ dsሬሬሬሬԦୗ       (5.3) 

where QSC total was the net charge enclosed by the Gaussian surface S, ε0 
was the vacuum permittivity and ds was the infinitesimal differential area nor-
mal to the Gaussian surface S. 

 
For the Capacitance Matrix Method (CMM), the capacitance matrix ele-

ments (Cij) were calculated for all the electrodes and pseudo-electrodes with 
potential Ui by integrating the electrical energy density for each i-electrode 
over the whole simulation domain Ω (5.4). C୧୧= ଶ୙౟మ ∮ W୉∙dΩஐ       (5.4) 

Then, the lineal system with i-equations was solved for all known i-poten-
tials, so all charges Qi can be estimated (5.5). 
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൥Qଵ⋮Q୧ ൩= ൥Cଵଵ ⋯ Cଵ୧⋮ ⋱ ⋮C୧ଵ ⋯ C୧୧ ൩ ∙ ൥Uଵ⋮U୧ ൩     (5.5) 

 
Thus, the total charge in the LCR can be estimated by adding all the charges 

from all the ring k-pseudo-electrodes (5.6): Qୗେ	୲୭୲ୟ୪=∑ Q୨୨ୀ୩୨ୀଵ 							 	 (5.6)	
In Paper IV, the methods of CSM, Becerra-Cooray, Lalande, SSI and 

CMM were compared to experimental data for streamer inception in a rod-to-
plane configuration from Les Renardières group [2]. A summary of the results 
found in Paper IV is presented in Fig. 16.  

 
Figure 16. Results from the comparison between different methods for the calcula-
tion of the LCR charge at the moment of streamer inception.  

In the case of the CSM, the simulation domain only included the electrode, 
the LCR potential rings and their images below to represent the grounded ref-
erence plane. On all the other cases, the simulation domain consisted of a 
grounded box with the dimensions of the HV laboratory. This slight difference 
may affect the results obtained for CSM in comparison with the other meth-
ods. For the Lalande model, the number of streamer segments and geometric 
parameters were set in a specific way. Different values of these parameters 
might give results closer to the measured values. 
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The effect of modifying the cone semiangle θSC (see Fig. 13) on the amount 
of charge in the LCR was studied by Becerra [50] and Ortéga [52]. As it can 
be seen in Fig. 16, the better accuracy between the simulated values and the 
measured ones, was found for the larger θSC in the CMM and SSI, in accord-
ance with the conclusions of Becerra [50], where the charge estimations be-
come almost angle independent for larger values of θSC. 
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6. Results from the new methodology 

The new proposed methodology was used for the calculation of U50% in 
common electrode configurations and non-symmetric geometries including 
protrusions. The experimental values reported by Wu et al [53] were used as 
the main reference for comparison. In Wu’s work different electrode configu-
rations like rod-to-plane and sphere-to-plane (with and without protrusions) 
are analysed and their U50% calculated from laboratory measurements. The 
protrusions consisted of small rods of 5 mm radius and 10 or 50 mm length 
located on the sphere surface pointing towards the grounded plane (under pro-
trusion –UP–) or perpendicular to the main gap axis, at the sphere equatorial 
plane (side protrusion –SP–). All the electrode configurations were tested with 
positive voltage switching impulses 275/2500 µs. 

 
In the Paper V, the U50% was calculated using the up-and-down method 

[54, 55] for each electrode configuration. In the 50 simulated events, the 
breakdown or withstand condition was found for each event. Due to the sim-
plicity of the code controlling the FEM solver, the CMM (Section 5.2) was 
used for the calculation of the LCR charge in all cases. The main physical 
parameters used throughout the simulations were: a) the constant gradient in 
the LCR set at 450 kV/m, and b) the constant charge per unit length qL was set 
to 36 µC/m considering the conclusions of Gallimberti for the effect of hu-
midity (relative humidity of 50% at the testing site) and impulse wavefront [2, 
9]. 

 
The potential excitation for the HV electrode was set as suggested by 

Fofana [20] like a double exponential function of time, with three input pa-
rameters: crest voltage Ucr, time to crest Tcr and T2 time to half-value. The 
following subsections present a summary of the results obtained for each con-
figuration. 
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6.1. Rod-to-plane 
A general view of the tested setup and the geometry simulated are presented 

in Fig. 17.  
 

 
Figure 17. Tested rod-to-plane configuration and its simulated representation (photo 
courtesy PSGS HVDC ABB AB). 

The electrode was an aluminium rod with a radius of 15 mm and a length 
of 3 m. Three gap distances were analysed and the obtained results are in-
cluded in Table 3. The values marked (*) were estimated using the formula 
proposed by Paris [11] for the rod-plane configuration, U50% = 500·d0.6. 

Table 3. Experimental values and simulation results for rod-to-plane electrode con-
figuration 

Test Gap [m] U50% measured [kV] U50% calculated [kV] Error % 

1 6 1447 1567 -8.3% 

2 8 1741* 1846 -5.0%
3 10 1990* 1994 -0.2% 

There was a good agreement between the simulation and the measured 
values for this configuration, and the accuracy was better for the larger gap 
distances. 
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6.2. Sphere-to-plane 
The tested setup and the geometry simulated are shown in Fig. 18.  
 

 
Figure 18. Sphere-to-plane electrode arrangement and its simulated representation 
(photo courtesy PSGS HVDC ABB AB). 

Aluminium spheres with different diameters were attached to a tube with a 
length of 450 mm terminating in two toroids for electric field relief at the con-
nection point to the impulse generator. Three diameters and three gap dis-
tances were analyzed and the obtained results are included in Table 4. 

Table 4. Experimental values and simulation results for sphere-to-plane electrode 
configuration 

Test Gap [m] Sphere radius [m] U50% measured [kV] U50% calculated [kV] Error % 

1 6 0.65 2227 2199 1.2% 
2 8 0.65 2331 2288 1.8% 

3 4 0.8 2411 2308 1.2% 

 
For this configuration the average error was the lowest for all simulated 

electrode configurations. In some cases, the simulated tests terminated in with-
stand condition and did not reach the streamer inception condition. In the other 
cases, the breakdown happened a few steps after the streamer-to-leader tran-
sition, acting almost as a breakdown caused only by streamer discharge. 
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6.3. Sphere-to-plane under protrusion 
A general view of the simulated geometry and the tested setup are presented 

in Fig. 19.  
 

 
Figure 19. Setup sphere-to-plane with protrusion under and its equivalent simulated 
model (photo courtesy PSGS HVDC ABB AB). 

 Small rods with a radius of 5 mm and a length of 10 and 50 mm were 
located on the closest point of the sphere to the ground, on the sphere axis 
perpendicular to the grounded plane. Three diameters and gap distances were 
analysed and the obtained results are included in Table 5. 

Table 5. Experimental values and simulation results for sphere-to-plane under pro-
trusion electrode configuration 

Test Gap [m] Sphere ra-
dius [m]

Protrusion 
length [mm]

U50% measured 
[kV]

U50% calculated 
[kV] Error % 

1 8 0.65 50 1861 1662 10.7% 

2 4 0.8 50 1248 1011 19.0% 
3 6 0.8 50 1561 1487 4.7% 
4 8 0.8 50 1812 1696 6.4% 
5 4 1 50 1295 1024 20.9% 
6 8 0.65 10 2153 1776 17.5% 
7 4 0.8 10 1484 1018 31.4% 
8 6 0.8 10 1955 1368 30.0% 
9 8 0.8 10 2202 1792 18.6% 

10 4 1 10 1536 918 40.2% 

 
This configuration had larger errors than to the other simulated geometries 

with and without protrusions, especially in the cases with the larger electrode 
radius, shorter gap distances and shorter protrusion length. 
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The representation of the used LCR seems to be more accurate if the inho-
mogeneity of the electric field on the HV electrode is more accentuated. It can 
be seen in Table 5 how the larger errors were found for the shorter protrusions 
on larger spheres at shorter gaps, i.e. when the electric field stress on the pro-
trusion tip is less intense. 

6.4. Sphere-to-plane side protrusion 
A general view of the geometry simulated and the tested setup are presented 

in Fig. 20. 
 

 
Figure 20. Tested sphere-to-plane with side protrusion and its equivalent simulated 
model (photo courtesy PSGS HVDC ABB AB). 

 
Small rods with a radius of 5 mm and a length of 10 and 50 mm were lo-

cated on a point on the equatorial plane of the sphere, parallel to the grounded 
plane. Three radius and gap distances were analysed and the obtained results 
are included in Table 6. 
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Table 6. Experimental values and simulation results for sphere-to-plane side protru-
sion electrode configuration 

Test Gap [m] Sphere ra-
dius [m]

Protrusion 
length [m]

U50% measured 
[kV]

U50% calculated 
[kV] Error % 

1 8 0.65 50 1856 1682 9.4% 
2 4 0.8 50 1432 1479 -3.3% 
3 6 0.8 50 1657 1552 -6.3% 
4 4 0.8 50 1941 1553 6.3% 
5 4 1 50 1514 1512 0.1% 
6 8 0.65 10 2059 1716 16.6% 
7 4 0.8 10 1602 1391 13.1% 
8 6 0.8 10 1900 1606 15.5% 
9 8 0.8 10 2103 1673 20.4% 

10 4 1 10 1659 1326 20.1% 

 
In this configuration there was a better agreement with the measured values 

for the 50 mm protrusion. Similar to the results found in Section 6.3, it can be 
seen in Table 6 that the configurations where the sphere radius was larger, the 
protrusion length shorter and the gap distance shorter, produced larger errors 
compared to the measured values. This fact might be attributed to the accuracy 
of the representation of the LCR if the inhomogeneity of the electric field 
caused by protrusions at the HV electrode less more accentuated. 
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7. Conclusions 

7.1. Leader channel models 
Common elements found among the analysed leader models are the con-

stant potential gradient ESC in the LCR to sustain the streamer discharges and 
the constant charge per unit length along the leader channel qL. The latter is 
also related the leader propagation velocity.  

 
Engineering and physical leader channel models are based on common 

basic elements of the discharge process, such as the streamer inception, the 
leader inception and progression, the leader channel and the LCR properties. 
In both types of models, several simplifications and assumptions must be done 
to make the best use of the model. The discretization of the leader model of 
Gallimberti [9] done by Lalande [18, 19] simplifies the sequential solution in 
different simulation methodologies. 

 
The potential gradient required to sustain streamer discharges had a strong 

influence on the analysed leader models. This basic parameter (ESC in the La-
lande model and Ei in the Rizk model) affected the LCR extension in front of 
the leader tip in both models.  

 
The variation of the models’ input parameters permits identifying the ef-

fects of the assumptions when modeling leaders. In the Rizk model the reduc-
tion of the E∞ parameter made it possible to elongate the LCR limit further. A 
larger LCR makes it possible to achieve faster breakdown times at lower 
breakdown voltages. 

 
In the Lalande model, the qL affected the leader tip potential, in a way that 

the length of the LCR that surpassed the threshold of the constant average 
gradient ESC was larger or shorter. Similar to the Rizk model, a leader channel 
with a higher electric potential (a higher qL) will extend the LCR further, 
achieving the breakdown stage in shorter times and at lower voltages. 

 



 46

7.2. Experimental work on leader channels 
Regarding the leader propagation, the use of higher crest voltage values 

compared to the expected U50% (overvoltage), increased the average measured 
leader velocity. However, a detailed variation of the leader velocity as a func-
tion of the percentage of overvoltage for an experimental setup similar to the 
one used was not available in the literature for comparison. 

 
Image processing is still a powerful experimental tool in the study of elec-

trical discharges. The combination of fast and still images permitted determin-
ing the leader velocity when propagating in a three-dimensional space. This 
method can be extended to analyse other discharge mechanisms. In addition, 
the use of digital records facilitated the data post-processing from the software 
point of view. 

7.3. New proposed methodology 
A common element between the different methodologies in the calculation 

of the LCR charge, also included in the new proposed, is the assumption of a 
constant potential gradient ESC in the LCR. Two new methodologies, the Sin-
gle Surface Integral (SSI) and the Capacitance Matrix Method (CMM), were 
proposed based on the electrostatic potential distribution obtained when rep-
resenting the LCR as a cluster of ring pseudo-electrodes.  

 
All the methodologies mentioned for the LCR charge estimation include 

geometrical constants that might eventually influence the result. This effect 
was seen while assigning the location for the potential rings and fictitious 
charges in the CSM and the semiangle θSC for the ring pseudo-electrodes in 
SSI and CMM.  

 
As the main features of the new proposed simulation methodology, it is 

worth mentioning that it permitted the inclusion of non-symmetrical elements 
in three-dimensional geometries and used the SSI and CMM methods for cal-
culating the amount of electric charge in the LCR as the leader propagates. 
The representation of the used LCR is more accurate if the inhomogeneity of 
the electric field on the HV electrode is more accentuated. This fact can be 
observed when comparing the results obtained for shorter protrusions on 
larger spheres at shorter gaps, for the sphere-under/side protrusion configura-
tions. 

 
The methodology proposed is a continuation of the preliminary work of 

various authors, who often had common elements in their methodologies. 
Once there is a good understanding of the phenomena involved, the simulation 
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methodologies can be analysed as building blocks. In the new proposed meth-
odology, some of the identified blocks are interchangeable, like the calcula-
tion of the LCR charge (Section 5.2). 

 
The use of a FEM solver permitted including more elements to the repre-

sentation of the discharge. The FEM solver was commanded through an ex-
ternal linked code, where a new complete geometry was built for each stage 
of the discharge, which was then solved. Then, the results were interpreted in 
a continuous feedback to the main code. 
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8. Future work 

More complex non-symmetric electrode configurations are present in the 
daily tasks of scientists and engineers designing high voltage equipment. As a 
first approach, the work in this dissertation only included two of the many 
possible non-symmetrical configurations found in almost all equipment re-
lated to the transmission and distribution of electrical energy. Further analysis 
using the proposed methodology can be done for different configurations in 
real cases, including standing insulating structures, hanging cables, etc. A 
common configuration for which previously published experimental data is 
available, is the electrode geometry where a sharp element is connected to the 
grounded structure from which a negative discharge might initiate. It would 
be an easy task to analyse this matter using the new proposed methodology. 

 
The homogeneity of the electric field at the high voltage electrode has a 

strong influence on the accuracy of the estimated U50%. Additional work on 
the representation of the LCR at and after the streamer-to-leader transition 
should be done, focusing on the region near the surface of large radius elec-
trodes. As was done in Papers I and II, the sensitivity of the output results 
based on physical input constants used throughout the new proposed method-
ology would be significant for future applications. 

 
The new methodology was implemented with simple coding connecting 

two powerful software tools, one for the data storage and processing, and an-
other for the solution of the FEM geometries that change continuously during 
the sequential execution of the code. In this form, the calculation times in-
creased to a few days in a small workstation computer for each electrode con-
figuration. The serial execution of the tasks was a first approach to solving the 
methodology, but it can be further improved if possibility to operate the soft-
ware tools in parallel is fully exploited. This would make better use of the 
computational resources and reduce the total calculation time. 
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9. Summary of papers 

Paper I 
Leader channel models for long air positive electrical discharges 

In this paper, a general review of the available leader channel models pro-
posed for the positive long air gap electrical discharge was done. Common 
underlying assumptions were found in most of the models analyzed. The com-
parison with the experimental data revealed that the results obtained from the 
models were a good representation of the physical situation. 

This paper was published in the Journal of Electrostatics 
 

Paper II 
Parameter variation in leader channel models used in long air gap dis-
charge simulation  

In this work, engineering and physical leader models were compared 
against experimental data recorded for a rod-to-plane electrode arrangement 
tested with switching voltage impulses. The analysis showed that the leader 
channel evolution depends strongly on the potential gradient assumed to sus-
tain streamers. 

This paper was published in the Electric Power Systems Research journal 
 

Paper III 
Experimental study of Leader Tortuosity and Velocity in Long Rod-plane 
Air Discharges 

This paper deals with experimental results obtained while testing a long 
rod-plane air gap with positive switching voltage impulses to study the veloc-
ity and tortuous progression of the leader discharge.  

This paper was published in the IEEE Trans. on Dielectrics and Electrical 
Insulation 

 
Paper IV 
Methodologies for the charge estimation in the leader corona region used 
in modeling long air gaps under positive voltage impulses 

In this paper, departing from the use of a finite element method solver to 
determine the electric potential distribution, two new methodologies to quan-
tify the amount of charge produced in the leader-corona region were presented 
and compared with other ones available in the literature. 
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This paper was included in the Proc. of the 33rd International Conference 
on Lightning Protection ICLP 2016. 

 
Paper V 
Numerical modeling of long air laboratory gaps tested with positive 
switching impulses 

In this manuscript, the results obtained using a new version of a simulation 
methodology for modelling long air gaps were presented. This methodology 
included new elements like the three-dimensional leader tortuosity from ex-
perimental measurements and two new methods for the leader-corona charge 
estimation. Results from the simulation were compared with experimental rec-
ords and a good agreement is found between them. 

This manuscript was submitted to the IEEE Trans. on Dielectrics and Elec-
trical Insulation 
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10. Svensk sammanfattning 

Denna avhandling handlar om forskning på numerisk modellering av elekt-
riska urladdningar över långa luftgap samt långa spänningsstötar. Den börjar 
med en förberedande analys av arbete som utförts av ett flertal forskare under 
de senaste decennierna och analyserar sedan olika metoder för modellering av 
alla steg i en fullständig urladdning. Relationerna mellan dessa modeller iden-
tifieras, liksom effekten på resultatet när viktiga parametrar ändras. 

I den allmänna beskrivning av fenomenet ingår tre huvuddelar: streamer 
starten, streamer till leader övergång och stabil leader utbredning. Dessa ele-
ment är närvarande i många av de modeller som analyserats och de viktigaste 
skillnaderna mellan dem är de antaganden och förenklingar som gjorts av 
varje forskare vid en viss punkt i metodutvecklingen. Gemensamma element 
som förenklar de analyserade modellerna är de fysiska konstanter i de olika 
urladdningsmekanismer som finns i en fullständig stöt. Dessa konstanter är 
potentialgradienten i leader-corona regionen för att upprätthålla leader-förök-
ning, elektrisk laddning per längdenhet i leaderkanalen beroende på atmosfä-
riska förhållanden och spänningssstötens vågform, och leader-utbrednings-
hastigheten, nära besläktad med urladdningsströmmen. 

Avhandlingen innehåller resultaten av laborativt arbete med leader mekan-
ismen, men även mätning och analysering av elektriska och optiska signaler. 
Genom att rekonstruera den tredimensionella leader utbredingen för en stav-
till-plan konfiguration var det möjligt att studera den slumpmässigt slingrande 
bana som följs av leadern när den utbreder sig.  

 En viktig del i urladdningsmodellen är representationen av leader-corona 
regionen framför leaderspetsen när den utbreder sig mot den jordade elektro-
den. Två nya metoder förslås för beräkningen av nettoladdningen som finns i 
leader-corona regionen, utgående från den elektrostatiska potentialfördelning 
som erhållits från beräkningsmjukvara baserad på den finita elementmetoden. 
Detta möjliggjorde införlivandet av flera element som bättre representerar 
olika delar av urladdingars simuleringen. 

I den sista delen av avhandlingen har alla de analyserade elementen, och de 
nya föreslagna, använts i en ny metod för modellering av elektriska urladd-
ningar i långa luftgap. Denna metod jämfördes med experimentell data. Det 
fanns en god överensstämmelse mellan simuleringsresultaten och de experi-
mentellt uppmätta mätvärdena. 
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11. Resumen en español 

Esta tesis trata la modelación numérica de descargas eléctricas en aire para 
distancias largas en laboratorio, probadas con impulsos positivos tipo 
maniobra. La tesis inicia con el trabajo preliminar de varios científicos durante 
las últimas décadas, y luego analiza los diferentes enfoques para modelar todas 
las etapas de una descarga completa. Las relaciones entre estos modelos 
fueron identificadas, así como el efecto sobre el resultado final con la 
modificación de algunos parámetros de entrada importantes. 

La descarga eléctrica en distancias largas se puede resumir en tres 
elementos principales: el inicio de streamer, la transición streamer-leader y la 
propagación estable del leader. Estos elementos están presentes en la mayoría 
de los modelos analizados y las principales diferencias entre ellos son los 
supuestos y simplificaciones realizadas por cada autor. Los elementos 
comunes que simplifican los modelos analizados son las constantes físicas de 
los diferentes mecanismos de descarga. Estas constantes son el gradiente de 
potencial en la región leader-corona para mantener la propagación del leader, 
la carga por unidad de longitud a lo largo del canal de leader, que depende de 
las condiciones atmosféricas y la forma de onda de impulso de voltaje, y la 
velocidad de propagación leader, estrechamente relacionada con la descarga 
corriente. 

Esta tesis incluye los resultados del trabajo de laboratorio en descargas tipo 
leader en laboratorio, medición y análisis de los registros eléctricos y ópticos. 
La reconstrucción de la propagación tridimensional del leader para la 
configuración de punta-plano, permitió estudiar el camino tortuoso aleatorio 
seguido por el leader a medida que se propaga.  

 Un elemento importante incluido en el modelo es la representación de la 
región leader-corona en frente de la punta del leader a medida que avanza 
hacia el electrodo de tierra. Para el cálculo de la carga neta disponible en la 
región leader-corona, se propusieron dos nuevas metodologías basadas en la 
distribución potencial electrostático obtenida con un programa de cálculo 
basado en el método de elementos finitos. Esto permitió la inclusión de más 
elementos que representen partes de la descarga durante la simulación. 

En la parte final, todos los elementos analizados y los nuevos propuestos 
se incluyeron en una nueva metodología para el modelación numérica de 
descargas eléctricas en aire para distancias largas. Esta metodología se 
comparó con los datos experimentales y se obtuvo buena concordancia. 
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