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Abstract 
 

The reliability of high voltage insulation systems is significantly affected by the electrical treeing, thus the physical 
mechanisms interpreted this phenomenon have attracted the interest of many researchers. In this direction, several 
significant simulation models have been proposed to determine the impact of critical factors on the initiation and the 
development of the electrical treeing. In this paper, a short review of the most known and widely accepted simulation 
models of electrical treeing as well as a comparison of them is reported. 
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1. Introduction 
 
Solid insulating materials demonstrate increased levels of 
dielectric strength when compared to gas and liquid 
dielectrics, providing the capability of reducing size of high 
voltage system while maintaining increased operating 
voltage. Also, considering that the mechanical strength of gas 
and liquid dielectrics is exploited to undertaking load, solid 
dielectrics are necessary to ensure the safety distances- 
dielectric gaps in high voltage systems. Typical examples of 
the latter are spacers and outdoor insulators [1]. 
 On the other hand, the incapability of dielectric recovery 
following breakdown is the primary disadvantage of solid 
dielectrics. There is still the need to better understand the 
mechanism of solid dielectric breakdown, that concludes to 
the insulation failure, under the applied stress. Other 
disadvantages can be noted, such as the relatively high 
dielectric losses (tanδ > 10-3) and the low thermal conductivity 
of solid insulating materials [2]. 
 Furthermore, the dielectric strength of solids is 
significantly affected by material imperfections associated 
with the presence of cavities and foreign particles and the 
formation of interfaces between particles of different 
materials, as well as by environmental conditions, such as 
temperature [3-5]. 
 A pre-breakdown phenomenon, strongly affecting the 
dielectric strength of solid insulation is electrical treeing. It 
refers to the formation of electrical paths, consisted of 
irregularly interconnected channels that propagate through 
the solid material, under the application of electrical stress. 
The channels’ growth looks like a microscopic tree, thus this 
phenomenon is called treeing. This formation, is closely 
related to partial discharges activity [6] and may lead to 
insulation breakdown. Treeing mainly initiates from the areas 
of enhanced electric field, that is enclosed cavities or foreign 
particles, which exist in the volume of the solid insulation. 

The latter is true for the industrial solid insulation materials 
[6, 7]. 
 The propagation of electrical treeing is mainly affected by 
the applied voltage, the composition of the insulating material 
and the service/experimental conditions. Treeing is favoured 
under extremely non uniform electric fields; and therefore 
laboratory studies incorporate the point-plane electrode 
arrangement. Further treeing development is more evinced 
under ac voltage, but it can be also observed when applying 
dc voltage. Under ac voltage, the development is attributed to 
the back and forth injection and extraction of electrons, from 
the point electrode, during the negative and the positive half-
cycles respectively. Some of the electrons may acquire 
enough energy to decompose the material, resulting in the 
formation of byproducts. The electrochemical changes occur 
in the molecular structure of the material, are associated with 
the formation of conductive channels, contributing to further 
development of partial discharges [8]. 
 Several models have been proposed, aiming to provide a 
physical explanation of the electrical tree propagation. 
Among them, the model of local thermal deterioration [9], the 
model of electromechanical pressure [10], the model of 
deterioration due to partial discharges activity [11] and the 
model of degradation of the solid insulation due to the 
injection and extraction of electrons [12] are mostly known. 
In addition to the physical explanation of electrical treeing, 
research work also incorporates simulation studies, in order 
to parameterize the physical factors of the phenomenon and 
to investigate their impact on the propagation of electrical 
treeing. 
 In this paper a review of the most known and widely 
accepted proposed models is presented aiming to evaluate the 
advantages and weaknesses of each one.  
 
 
2. Electrical Treeing Models  
 
Inhomogeneities in the solid dielectric material volume in 
combination with the applied voltage stress, is the cause of 
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electrical treeing. These inhomogeneities are formed due to 
the presence of fillers and additives, sizing from a few 
nanometers up to ~ 100 μm. The purpose of these particles is 
to form the desired material properties. However, when they 
are not sufficiently incorporated in the material structure, the 
interfaces formed between solid insulation material and 
particles, may cause morphological deterioration of the 
material, such as fissures, defoliations or micro-cracks [13], 
which favours the initiation of electrical treeing. Furthermore, 
electrical treeing may also occur due to the enclosed cavities 
in a solid dielectric, formed within manufacturing process as 
a result of imperfections [14]. In any case it has to be noted 
that the electrical treeing is intimately related to the partial 
discharges [15]. 
 Simulation studies of electrical treeing, significantly 
contribute to better understand this phenomenon. However, 
although simulations are useful tools, they hardly represent 
the principles of a physical phenomenon because only some 
of the actual factors are considered. In the following 
paragraphs, some of the most known simulation models are 
described and compared. 
 
2.1 The Niemeyer-Pietronero-Wiesmann Model 
The Niemeyer-Pietronero-Wiesmann model, widely known 
as NPW model, is the first stochastic two-dimensional model 
developed in 1984 by the ABB research group. This model 
tries to reproduce the pattern of streamers and leaders 
propagation in dielectrics, emphasizing to the fractal 
characteristics of the process. According to this model, the 
probability of tree development depends on the local electric 
field and a factor which determines the randomness of the 
process. The model was used to facilitate the analysis of an 
experimental discharge, formed on the surface of a glass, 
surrounded by SF6 at a pressure of 0.3 MPa, by implementing 
a non-uniform electric field arrangement and applying a short 
time high voltage. The simulation results were in good 
agreement with the experimental surface discharge pattern, 
indicating the fractal character of the process [16]. 
 The simulation requires a two-dimensional mesh. The 
central point of the mesh represents the point of contact of the 
sharp electrode with the solid dielectric. The potential at this 
point is considered to be φ = 0. The second electrode is 
represented as a circle with a large radius and with a potential 
φ = 1. The model creates a trace, which represents the path of 
the discharge (Fig.1). The tracing of the breakdown develops 
in discrete steps and - with every repetition of the process – a 
point is added. The potential is calculated in every point 
according to Laplace’s equation with the aforementioned 
boundary conditions for φ. 
 For each possible direction of the treeing propagation a 
possibility is calculated, which is a function of the potential 
difference between the points of tracing (i, k) and the adjacent 
points (i’, k’). The possibility of propagation in each direction 
is calculated, according to equation (1): 
 

    (1) 

 
 Where, φ is the potential difference between the points (i, 
k) and (i’, k’) and η is a constant value ranging within [0, 1], 
associated with the relation of the local electric field with the 
possibility of discharge propagation. 
 The point with the highest possibility is added to the 
tracing path. Further a potential φ =0 is assumed and then the 

potential of all points is recalculated according to the Laplace 
equation: 
 

      (2) 
 
 Although this model may be considered as a breakthrough 
in the field, there are two major drawbacks that have to be 
considered. Firstly, in the calculation process, the time 
dependence of the discharge propagation is neglected. 
Furthermore, a threshold value for the voltage or the electric 
field is not considered in the model, thus implying that the 
electrical treeing occurs even at very low values of voltage (or 
electric field). 
 

 
Fig. 1. Estimation of discharge pattern according to NPW model [16]. 
2.2 The Wiesmann-Zeller Model 
The Wiesmann and Zeller (WZ) model [17] presents an effort 
to correct the drawbacks of the NPW model. Their model is a 
generalization of NPW model and was developed by 
considering that the electrical treeing propagates along a 
needle plate electrode geometry. The basic fundamental 
concepts for the discharge propagation are the same as in the 
NPW model. In their calculations, Wiesmann and Zeller 
assumed that the potential at the point electrode was φ = 0 and 
the potential at the plane electrode φ = φ0. It was also 
considered that the potential φ = 0 is true for all points which 
consist part of the tree. It was assumed that there was a two-
dimensional mesh of points between the two electrodes. In 
each repetition of the calculation, a new point was added to 
the tree based on the probability equation of (1). The 
significant difference between the WZ model and the NPW 
model is that the probability of tree propagation depends on 
the local value of the electric field (Eloc). Wiesmann and Zeller 
introduced two parameters, deterministic for their model, 
namely the critical field Ec and the internal field Es. The 
critical field Ec is the threshold field which is required for the 
tree propagation, which means that equation 1 is true only if 
the local value of the electric field (Eloc) is higher than that of 
the critical field (Ec), otherwise the probability of tree 
propagation is zero. The other parameter is the internal field 
in the structure Es. Based on this assumption, the potential in 
every point of the discharge structure is calculated by the 
equation: 
 

     (3) 

p i,k→ i ',k '( ) = φi ',k '( )η
φi ',k '( )η∑

∇2φ = 0

φ = φ0 + s ⋅Es
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where, φ0 is the potential of the plate electrode and s is the 
length of the path which connects the point with the needle 
electrode. 
 The simulations, according to the WZ model, indicated 
that the shape and the form of the resulting simulated tree are 
determined by the critical electric field and the voltage drop 
across the bonds. It was observed that by increasing the values 
of both aforementioned quantities, the number of bonds of the 
tree structure was reduced. Also, as shown in Figure 2, more 
stable partial discharge structure and an increase of branching 
are occurred with the increase of the ratio Es/Ec. The novelty 
of the WZ model was the introduction of the notion of critical 
electric field as well as the notion of the voltage drop across 
the bonds. The time factor, however, was again absent from 
this model. 
 

 
Fig. 2. Discharge structure according to WZ model [17], (a) Es=5/6 Ec 
and (b) Es=Ec. 
 
2.3 The Biller Model 
The novelty of this model is the introduction of time, which 
is ignored both in NPW and WZ models, in a stochastic 
model. In Biller’s model [18], the bond growth is considered 
as a process, which is based on the Poisson equation and the 
bond growth time is calculated according to the following 
equation: 
 

    (4) 
 
where, ξ is a random variable number uniformly distributed 
in the closed interval [0, 1] and r(Ei) is a function of the local 
electric field, which is defined as “field dependent growth rate 
function”. At the end of each repetition of the simulation, the 
lowest bond growth time is calculated. This value is 
considered as time step, and the associated bond is added to 
the tree structure. In other words, 
 

     (5) 
 
r(Ei) is a power law function 
 

     (6) 
 
where, n>0 and is associated to the growth rate, Ei is the local 
electric field and E0 is the average electric field 
 

     (7) 

 
where, d is the distance between the electrodes and U is the 
applied voltage. From Figure 3, an increase of the growth rate 
constant n leads to less branches in the discharge structure. 

 

 
Fig. 3. Discharge structure growth with the increase of time according to 
Biller model [18], for (a) n=1 and (b) n=3. 
 
2.4 The Kupershtokh Model 
According to the Kupershtokh model, a new treeing bond is 
formed towards each possible direction under the 
assumption that the following equation is valid, 
 

     (8) 
 
where, Ei is the local electric field in kV/cm, E* is a parameter 
depending on the nature of the dielectric and δ a random 
variable number in kV/cm [19]. The quantity of (E* – δ) is 
characteristic for all the random factors, which may affect the 
streamer propagation, such as local inhomogeneities of the 
dielectric, cosmic radiation, temperature, humidity etc. The 
probability of adding a new bond to the tree structure – during 
a defined time step – can be given as 
 

    (9) 

 
with . Similarly to NPW and WZ models, this 
model ignores the time factor and the parameter E* is not 
well defined. 
 
2.5 The Noskov Model 
This model tries to relate the partial discharge (PD) activity 
with the treeing propagation [20]. According to this model, 
the PD activity is related to the length and the number of 
channels of electrical tree structure. The distribution of the 
electric field and the deterioration around the channels were 
taken into account. An important parameter in this model, 
besides the critical field Ec, the threshold ignition field Eign, 
the residual field Eres, and bond length d, was the threshold 
specific energy Wc. The dielectric material deterioration 
associated with the PD activity within the tree channels and 
the diffused energy caused by PD. New channels are formed 
when the local deterioration reaches a critical value and the 
local electric field near the region – which underwent the 
deterioration – surpasses a critical value. This model, indeed 
takes into account a number of parameters, assumes that the 
charge transport takes place only during PD events. This is a 
weakness recognized by the authors of [20]. 

 
2.6  The Dodd Model 
Dodd’s model is based on electrostatics and the relation of 
electron avalanches and PD activity with the insulation 

ti = − log(ξ ) / r(Ei )

t = min ti{ }

r(Ei )∞(Ei / E0 )
n

E0 =U / d

Ei > E
* −δ

p Ei( ) = f δ( )
E*−Ei

∞

∫ dδ

δ > E* − Ei
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damage [21]. In this model, only the tree segments where 
partial discharges had been developed at least once would be 
part of the tree structure. The damaged segments could 
support discharges, resulting further to the propagation of the 
tree structure. Thus, tree bonds are formed if a discharge 
occurs along such segments. For the formation of damaged 
segments, there are threshold values for the diffused energy 

and the local electric field. This model was one of the most 
significant approaches for creating a deterministic model. 
However, this model does not consider vital factors affecting 
the tree structure such as temperature and pressure. The model 
is based on two fundamental routines as shown in Figure 4, 
one for partial discharge process and one for the material 
damage. 

 
Fig. 4. Partial discharge routine and material damage routine according to Dodd model [21]. 
 
2.7 The Petrov-Petrova-D’alessandro Model 
This model has been developed in order to simulate lightning 
strikes to structures by using the fractal approach [22]. The 
model is based to some extent on the NPW and WZ works. 
The novelty of this work is that the simulations are three-
dimensional. Although this model is not applied to solid 
dielectrics, it introduces the discharge propagation in three-
dimensional expansion. The probability of breakdown is 
taken to be proportional to a power η of the local field in the 
region in front of the leader channel, i.e. 
 
p ~ E

η      (9) 
 
with η>0. Furthermore, this work offers a prediction of the 
polarity effect to the discharge propagation. 
 

2.8 The Dissado Model 
This model tries to combine the treeing development with the 
PD activity inside the tree channels. According to this model, 
the PD inside the tree channels enhance the electric field at 
the tip of the tree rendering thus discharge avalanches 
possible, which in turn cause the deterioration of the dielectric 
material [23]. This model gives a new insight – instead of 
advancing a stochastic selection of bonds to the tree structure 
– it introduces the quantitative damage of each bond per unit 
time for the channel formation. Moreover, the space charges 
from the previous discharges are considered for calculating 
the local electric field. According to this model a new bond is 
added to the tree structure as a consequence of the 
accumulation of damage under specified local conditions, the 
strength of the dielectric material and the local electric field. 
The merit of this model is that it gives a physical background 
to the whole process of electrical tree modelling. 
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2.9 The Chongqing Model 
This model, although it does not strictly refer to solid 
dielectrics, is a three-dimensional model based on the fractal 
approach [24]. The authors – based on observations – claim 
that the treeing path (in their case the lightning path) has both 
branches and tortuosity, which affect the electric field and 
therefore the progression of the tree (in their case the 
progression of the leader). This is a model based also on the 
values of the breakdown probability constant (η). Smaller 
values of η imply a more tortuous path for the tree progression 
(Fig.5). Although this paper is directed to phenomena related 
to lightning, the model proposed can be useful for treeing 
studies. 
 

 
Fig. 5. Partial discharge structure according to Chongqing model [24] for 
different values of breakdown probability η. 
 
 
3. Discussion  
 
Treeing development in a solid dielectric is a complex 
phenomenon difficult to be modelled and thus each of the 
models proposed has advantages and drawbacks. There are 
two fundamental factors affecting the electrical treeing 
development. The first is the applied electric stress and the 
second is the condition of the dielectric (Fig.6). The electric 
stress is calculated implementing the known theory, for 
example the Laplace Equation. Therefore, there is a known 
and defined procedure to evaluate its contribution. On the 
other hand the second, i.e. the material condition, is difficult 
to be determined since it is correlated with material impurities 
and the influence of the ongoing applied stress. Thus for the 
second factor, either a deterministic or a stochastic approach 
can be implemented. Nevertheless, in both cases influencing 
parameters are not considered. Models based on the fractal 
theory ignore physical quantities, whereas the models which 
consider some physical quantities, ignore other factors, such 
mechanical stress, which may have a significant impact on the 
propagation of electrical trees. As it is cited in [25], an 
external stress factor either mechanical or electrical may 
locally affect the insulation level, a fact that is rather ignored 
in the models given above. In addition, it must be noted that 
most of the models ignore the time factor. Since the time 
required for the electrical treeing development is crucial 
(because time, in several cases, is closely related to the aging 
of the insulation), this research focuses on the factors required 
for the modelling of treeing propagation. A closer 
investigation between electrical tree modelling and 
experimentation could give a better understanding of tree 

propagation [26-28]. 
 

 
Fig. 6. Fundamental factors affecting the development of electrical 
treeing. 

 
 The initiation and the propagation of electrical treeing is 
modelled by using 2D or 3D models and by using stochastic, 
deterministic or fractal approaches. In accordance to the 
latter, the models presented in this study can be grouped as 
shown in Figure 7. 
 The introduction of probability to the simulation 
procedure, was a breakthrough presented by the NPW model 
and it was further embedded by the WZ and Biller models, 
which can be considered as improvements of the initial 
concept. Likewise the Kupershtokh model incorporates the 
stochastic nature of the tree development, considering 
different parameters for the probability calculation. At the 
same time deterministic models have been suggested like the 
Dodd model and the Dissado model, where in both cases the 
material condition due to the stress applied by the partial 
discharges is estimated in order to proceed to the tree 
development. The presence and intensity of partial discharges 
are critical factors, however, it is difficult to achieve a reliable 
estimation, therefore the stochastic nature of the phenomenon 
may still apply. The Noskov model is a combination where 
the presence of partial discharges is evaluated and considered, 
but the tree development and especially the direction of the 
tree development is still considered stochastic and a 
probability is calculated. However, in this case also, there is a 
weakness since although the model incorporates a number of 
parameters, it assumes that the charge transport only takes 
place only during PD events.  
 Further, the Petrov-Petrova-D’Alessandro and the 
Chongqing model were evaluated. Both are 3D models with 
an initial scope to simulate lightning discharges. In this case 
also the concept of probability is present, while incorporating 
in both cases the fractal approach. These models were 
developed for the study of lightning discharges, and although 
their application is limited, they can be proved useful also in 
the case of solid dielectric treeing. 
 

 
Fig. 7. Chart of electrical treeing models. 
 
 Finally the models, cited in the present paper, require to 
define critical values on the parameters, i.e. trees could take 
place if some critical values are satisfied. An aspect – 
somehow neglected – is that even with small (rather 
innocuous) PD activity, treeing structures may also be 
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produced. Thus, the question as to what is a critical value and 
what is not, is something that persists with us even today. 
Germs of such thoughts one may trace in [23], although in this 
case, the authors do not go into any length in exploring the 
possibilities of accumulated damage even below some critical 
value (of the local electric field or of some sort of critical 
energy which must be delivered). The questions as to whether 
there may be damage because of discharges and/or charging 
phenomena below the so-called inception voltage, may not be 
directly related to the models of treeing but – especially in the 
context of the approach of [23] – should be discussed and 
could be a field of further research. Several papers, tackling 
these aspects of possible damage below the called inception 
voltage, have already been published [29-31]. Furthermore, in 
recent studies [32- 34] regarding the electrical treeing in 
insulating materials, the chemical and the morphological 
changes have been investigated in order to better understand 
the electrical treeing propagation. Also, the analysis of partial 
discharge features could be an effective tool for predicting the 
breakdown of insulating materials due to electrical treeing 
[35]. It would be a challenge for future research to try to deal 

with some aspects of treeing modelling, having to take into 
account the aforementioned publications. 
 
4. Conclusions 
 
In this short review several models, available for simulating 
electrical treeing phenomenon are presented. Stochastic 
or/and deterministic approaches have been implemented so as 
to consider fundamental factors for the initiation and 
propagation of electrical treeing. However, the 
simplifications considered in these models ignore the effect 
of physical phenomena on the electrical treeing process, such 
as the space charge effect, pre-breakdown discharges and the 
inhomogeneity of the material. It is a challenge for the future, 
the electrical treeing models to be combined with 
experimental observations and material analysis techniques 
so as to improve their accuracy as a predictive tool. 
 
This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License  
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