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Abstract 
 

Europe will be subject in the coming years to major changes in the energy 

sector, according to the plan called “REPowerEu” the goal is to reduce 

greenhouse gas emissions by 55% by 2030 and achieve climate neutrality 

by 2050. To meet these goals, it is essential to increase the adoption of 

renewable energy sources in the areas of power generation, industry, and 

transportation. This future scenario foresees an increasingly complex power 

system, which makes it essential to invest in the modernization of the 

electrical grid infrastructure and its management to ensure proper, stable, 

and cost-effective operation. 

This thesis work is placed under the topic of digitization of the electrical 

system with an emphasis on supporting the development of artificial 

intelligence-based methodologies for electrical fault detection. A specific 

type of fault affecting power distribution lines is studied, the high 

impedance fault caused by the contact of a live shaft with phase conductors. 

This fault poses numerous problems for local power distributors due to the 

difficulty in its detection by protective devices and because of its danger to 

human health and electrical infrastructure as it can also lead to serious 

forest fires. The development of these new fault detection methodologies 

often struggles with the lack of datasets: faults are not very frequent, and 

measurements are rarely made accessible; field experiments for generating 

data are very expensive. A way to bypass these difficulties is to create 

models that simulate the characteristics of faults, this is precisely what was 

done within this thesis.  

A model for the single-phase fault caused by vegetation contact will be 

exposed, it provides the fault current trend as a function of moisture 

content and line voltage, thus enabling fundamental data generation for the 

training phase of fault detection algorithms based on artificial intelligence. 

The model is shown and developed for a single vegetation species, but the 

same methodology can be applied to different types of trees. 
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1 Introduction 
 

1.1 Background 
 

In 2019, the European Union set very stringent climate targets for its 

member states, according to the “European Green Deal” climate neutrality 

by 2050 is set as a goal. Subsequently, in May 2022, the European 

Commission published the “REPowerEU Plan” act in which the guidelines for 

achieving the targets of -55% in greenhouse gas emissions by 2030 and 

climate neutrality by 2050 are set out [3]. The actions that member states 

will have to take can be summarised and divided into three categories: 

diversification in energy sources, save energy and a major acceleration in 

the transition to clean energy sources. All this will be strongly supported by 

a massive financial investment [3]. 

 

Fig.1 REPowerEU [3] 

Renewable energy sources will be the drivers of this change; their 

increasing deployment will be required in the power generation, industry, 

buildings, and transport sectors. The target is to have 45% of demand 

covered by renewables by 2030, which requires a renewable generation 
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capacity of 1236 [GW]. For solar photovoltaics, being one of the fastest 

implementable technologies, a target of 600 [GW] by 2030 is set. Another 

key energy source for the transition will be wind power, especially with 

offshore installations, a sector in which Europe is a world leader [3]. To 

overcome the non-programmability of these types of sources, it will be 

essential to work on increasing energy storage capacity [3]. Extremely 

challenging targets are also set for the transport sector, for example the 

obligation to sell only clean cars that will be introduced in 2035 [4]. 

The integration of variable renewable energy sources and battery energy 

storage system is a big challenge for the operation of the power system 

(DSOs), maintain a balance in grid stability in this increasingly complicated 

multidirectional electricity supply system is very difficult [5]. About 70% of 

renewables are expected to be electrically connected to distribution 

networks [5], this represents a radical change in the architecture and 

organisation of the grid where historically the flow of power has been 

unidirectional: generation centers are connected to the transmission grids 

and (passive) users are connected to the medium and low voltage 

distribution grids. With a high amount of generation in the distribution level, 

power flows will become multi-directional, it will be possible to see, under 

certain conditions, power in the direction of the transmission level in high 

and extra-high voltage.  

Aware of the problems summarised above, the “REPowerEU” plan envisages 

massive investments in the modernization of the electricity network [3]. 

The digitalization will play a key role in to transform ways grids are 

managed and operated [5].  The increasing spread of distributed smart grid 

components such as smart metering infrastructure, communication 

infrastructure, distributed energy resources, and electric vehicles will allow 

DSOs to have an incredible amount of network operation data available in 

their control centers, enabling extremely widespread network monitoring. 

This massive amount of data can support vast applications: 

• Distributed energy management  

• Forecasting  
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• Optimization of network operations and activities 

• Resource optimization and strategic business decisions 

• Predictive maintenance 

• Maintenance and repair 

• Security measurement 

• Cyber security 

• Adaptation/Anticipation to upcoming climate events 

• Facilitating active consumers 

• Product customization and marketing measures 

• Automating processes for metering, billing, and general distribution 

[5] 

 

A significant computational capacity will be needed to utilize all this 

information, and this can be provided by the development we are 

witnessing in the field of artificial intelligence. Many examples could be cited 

of the application of AI-based algorithms to the electrical system, here I 

would like to mention the one of the “Use of AI for vegetation management 

along power lines” as it is closely related to the topic that will be explored 

within the thesis. 

The management of vegetation in power distribution is a mandatory 

operation to ensure a reliable supply of electricity and public safety. Trees 

that are too close to the power lines represent a significant hazard, putting 

human life and the environment in danger and are a leading cause for 

power outages. Each DSO develops its own “tree management” plan in 

accordance with legal requirements, the traditional approach to asset 

inspections is slow, resource-intensive, mostly involving visual inspections 

and field surveys is often based on fixed annual cycles. DSOs, such as 

“E.ON”, are using new digital vegetation management processes through 

artificial intelligence algorithms and machine learning algorithms, making 

this process more efficient [5]. AI helps structure data from a variety of 

data sources (ground inspections, aerial images, drones, LiDAR, satellites) 

and extract information by transforming raw data into actionable 
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information based on vegetation status and forecasts (tree species, weather 

data, historical patterns, etc.). The use of AI enables to optimize planning of 

trimming on a condition-based approach built on predictive models which 

detect potential hazards before they occur [5]. 

 

1.2 Problem description  
 

Using tools based on artificial intelligence, it is possible to create new 

methodologies for detecting faults in power lines. Faults are a major 

problem for grid operators as their economic impacts can be considerable: 

they lead to service interruptions on which operators must pay penalties; 

they can cause damage to infrastructure, to electricity distribution or 

transmission equipment; in extreme cases, to people's health. It is 

therefore clear that there is a great deal of interest in developing 

increasingly effective methodologies to prevent the occurrence of these 

situations. 

Among the various types of artificial intelligence used for fault detection, 

the most popular in the literature is the “artificial neural network” (ANN) 

[6]. ANNs are parallel networks with a structure inspired by the human 

brain's neural network, they have the ability to learn, memorize and 

generalize. ANNs can be understood as an adaptable system that can learn 

relationship, and has the ability to generalize new, previously unseen, data 

[7]. The activation function of a neuron is non-linear, which makes neural 

networks capable of characterizing the non-linear parameters of a dynamic 

system. Their ability to capture higher-order approximations higher-order 

approximations for a given relation, together with their parallel 

computation, makes them suitable for non-linear analysis of large scale, 

complex, power system [7].  

In general, AI new methods outperform conventional ones offering high 

accuracy in fault location estimation. However, where they really excel is in 

fault classification problems [6]. In the fault diagnosis domain the main 

advantages can be summarised as follows: features can be obtained 
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automatically by training the collecting data without manual participation; 

different from the traditional time-frequency analysis, the AI can adapt to 

data with different periods; data features high-dimension and non-linearity 

can be effectively processed [8].  

In addition to these important advantages, however, it is worth mentioning 

the major drawbacks encountered by AI models. The development phase of 

these methodologies requires high computing power and large amount of 

training data. In order to improve its performance, it is often better to 

collect more training data rather than improve the algorithm itself [9]. The 

main problem is that the data needed for this training phase are often 

difficult to obtain for various reasons: the probability of faults in the power 

grid is not very high, and measurements are rarely made available; carrying 

out field experiments on real networks to obtain datasets is extremely 

expensive [8] [9] [6]. This poses a major obstacle to the creation and 

diffusion of AI-based methodologies for fault detection. 

1.3 Research objective   
 

This thesis work addresses the issue of limited accessibility to datasets 

during the training phase of fault detection algorithms based on artificial 

intelligence. To overcome this problem, it is possible to use models that 

describe the behavior of a fault and to obtain datasets by applying these 

models in electrical network simulation software [9] [6].  

In particular, the main objective is to investigate and analyse a very specific 

type of fault, the single-phase faults on medium-voltage electrical 

distribution networks caused by vegetation contact with the phase 

conductors. This fault, which will be called "tree high impedance fault" 

(THIF), represents a major challenge for distributors due to its difficulty of 

detection, as it manifests itself with an extremely low fault current [10]. The 

analysis and investigation phase are intended to lead to the creation of a 

model describing the behavior of THIFs. Everything stems from a specific 

request from a company that is working on the creation of an AI-based tool 

for fault detection and needs datasets for the design phase. 
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Experimental data will be used to carry out this analysis and modelling 

(Appendix 1). In the experiment referred to, approximately 900 tests were 

conducted in which different species of trees were placed in contact with 

phase conductors at 22 kV, all voltage and current measurements were 

then made available [2]. These measurements will be used for the 

achievement of the research objectives of this thesis, summarised as 

follows: 

o Analysis and investigation phase of the THIF to identify the 

parameters that most influence the fault dynamics.  

o Creation of the tree-high-impedance fault model 

o Validation of the model. 

1.4 Limitations  
 

It is fair to point out from the outset what the limitations of this thesis work 

are, as it does not pretend to bring a definitive answer to an extremely 

complex problem that has been the subject of numerous studies. 

o The major limitation of this thesis certainly concerns the accuracy of 

the model, which will be described later (6.2 Discussion). This non-

high accuracy derives fundamentally from the regression process, the 

process of estimating the unknown fault current. In this procedure, in 

fact, a small number of tests were used as a basis, belonging 

moreover to a single tree species. The procedure, which is considered 

to be the most important aspect, remains valid and the necessary 

actions to mitigate this problem will be indicated. 

 

o Another critical aspect concerns the fact that the model will only 

describe the early stages of a THIF. Such a fault after a certain period 

of time, which will be indicated later (4.3 “Branch on wire” 

characteristic), may evolve into another type of fault, the arc-ground 

fault [2]. It would therefore be necessary to associate the proposed 

model with an arc-fault model. 
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To present the work carried out, we will start by presenting the theory of 

faults in electrical networks in “Chapter 2”, and then continue in “Chapter 3” 

with a literature review concerning statistics relating to the frequency of 

faults in electrical networks; fault detection methodologies; and the analysis 

and modelling of high-impedance faults. “Chapter 4” will describe the 

experiment and data structure that was used to create the model, described 

in “Chapter 5”. It will conclude in “Chapter 6” with a presentation of the 

results and the validation of the model. “Chapter 7” will provide the final 

considerations regarding possible future research on the subject.  

 

2 Theory 
 

2.1 Faults Theory Introduction 
 

In order to carry out a comprehensive analysis of faults in medium-voltage 

networks, it is necessary to start with the theory behind this type of event. 

Let's start by defining a symmetrical and balanced three-phase system. 

A three-phase power distribution system is defined as symmetrical if the 

voltage generators that supply this system generate triads of electromotive 

forces that can be represented by three rotating vectors of equal amplitude 

and displaced by ±120°. The same system is defined as balanced if the 

loads have the same impedance for each of the three phases. Given any 

cross-section of a symmetrical and balanced three-phase network, under 

normal operating conditions has on that cross-section a symmetrical triad of 

star voltages, a consequent symmetrical triad of chained voltages, and a 

symmetrical triad of line currents. 

If short-circuits or interruptions occur in a symmetrical and balanced three-

phase network, these are to all intents and purposes non-symmetrical 

elements, given a generic cross-section, star and chained voltages and line 

currents no longer constitute symmetrical triads. 
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Fig.2 Scheme of symmetrical and balanced three-phase network 

Knowledge of the currents and voltages resulting from faults makes it 

possible to solve numerous problems such as, for example, those 

concerning the correct choice of circuit breakers intended to interrupt short-

circuit currents, those relating to measuring and protection equipment 

intended to warn of faults and thus intervene appropriately, those relating 

to the thermal and electrodynamic stresses of the various system elements, 

and those concerning the stability of synchronous machines. For all these 

reasons, it is necessary to calculate currents and voltages arising in a three-

phase system that has become dissymmetrical due to a fault [11] [12]. 

     

              Fig.3 Scheme of a network during a phase-ground fault 
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2.2 Sequence theory 
 

The dissymmetrical triad of voltages and currents in the fault section of a 

three-phase dissymmetrical system can be obtained as a vector sum of 

three symmetrical triads: specifically, as the sum of a direct symmetrical 

triad rotating clockwise, a symmetrical inverse triad rotating 

counterclockwise, and a homopolar triad [11]. 

The electrical components of a system, i.e. overhead lines, cable lines, 

loads, synchronous and asynchronous machines change their behavior 

depending on the nature of the symmetrical triad of voltages with which 

they are supplied. In order to apply the analysis method to the three 

sequences, it is essential to know the equivalent electrical model of these 

components in the face of a direct symmetrical triad, an inverse 

symmetrical triad, and a homopolar triad [11]. 

Consider a three-phase electrical system consisting of three phase 

conductors and a neutral (in case it is not present, the ground potential is 

assumed to be zero). Applying the principle of the equivalent voltage 

generator, the complex electrical system viewed from a direct symmetrical 

triad of voltages is equivalent to a real three-phase generator whose 

electromotive forces are equal to the no-load voltages that would be 

measured between terminals 1, 2, 3 and the neutral. The internal 

impedances of the equivalent three-phase generator, on the other hand, 

correspond to the impedances that would be measured between each phase 

and the neutral once the complex electrical system is made passive [11].  

Reasoning in an analogous manner, it is possible to construct the equivalent 

voltage generator seen from terminals 1, 2, 3 and the neutral when a 

symmetrical inverse triad of voltages is applied to them: the electromotive 

forces are equal to the open-circuit voltages that would be measured 

between terminals 1, 2, 3 and the neutral. for the impedances, the same 

procedure as for the direct sequence is followed. 

Finally, the equivalent bipole at sequence zero is constructed by applying a 

triplet of homopolar voltages to terminals 1, 2, 3. The real voltage 



 

10 
 

generator at the zero sequence will present electromotive forces that 

correspond to the open-circuit voltages present between ports 1-0, 2-0, 3-0 

of the complex electrical system, while the equivalent impedances will 

correspond to the impedances seen by a homopolar triad of voltages applied 

to input terminals 1, 2, 3 once the system is made passive [11]. 

 

 Fig.4 Three-phase network diagram at sequences 

Given the bipoles at the different sequences, proceed to see how the 

mathematical expressions describing a phase-earth fault can be derived. At 

the single-phase fault, the three sequences are connected in series (Fig.5 

Single-phase fault sequence) but consider that as the type of short circuit or 

interruption changes, the type of connection of the three equivalent bipoles 

to the different sequences changes. For example, the phase-to-phase fault 

has direct and reverse sequences connected in parallel. 

 

(1)            {

𝐸𝑣 − 𝑍𝑑 𝐼𝑑 = 𝐸𝑑

−𝑍𝑖 𝐼𝑖 =  𝐸𝑖

−𝑍𝑜 𝐼𝑜 =  𝐸𝑜
                   “Starting characteristic equations”. 

(1.1)            {

𝐼1 = 3𝐼𝑑 =
3𝐸𝑣

𝑍𝑑+𝑍𝑖+𝑍𝑜

𝐼2  =  0

𝐼3  =  0

                “Phase-earth short-circuit current”. 

(1.2)            

{
 
 

 
 

𝐸1

𝐸𝑣
 =  0

𝐸2

𝐸𝑣
 =  𝑒2  =  

𝑍𝑜 (𝛼2 −1)+𝑍𝑖 (𝛼2 −𝛼) 

𝑍𝑑 + 𝑍𝑖 + 𝑍𝑜
 

𝐸3

𝐸𝑣
 =  𝑒3  =  

𝑍𝑜 ( 𝛼−1)+𝑍𝑖 (  𝛼−𝛼2) 

𝑍𝑑 + 𝑍𝑖 + 𝑍𝑜

   “Sustained overvoltages at 50Hz”. 
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Fig.5 Single-phase fault sequence 

The above equations refer to a net earth fault with zero fault impedance. In 

the following, a high-impedance fault caused by the contact of a live tree 

with an overhead line phase conductor will be analyzed.  Let’s see how the 

equations change in the presence of a non-zero impedance. 

 

(1.3)            {

𝐼1 = 3𝐼𝑑 =
3𝐸𝑣

𝑍𝑑+𝑍𝑖+𝑍𝑜+𝟑𝒁𝒈

𝐼2  =  0

𝐼3  =  0

       “ph-e current, non-zero impedance” 

 

2.3 State of neutral 
 

As can be seen from the equations (1.1) (1.2), homopolar impedance plays 

a key role. The value of this impedance in electrical networks is closely 

related to the state of the neutral [11] [12]. In this thesis work, the focus 

will be on the analysis of faults in medium-voltage distribution networks; in 

the following, therefore, the neutral state of medium-voltage networks only 

will be analyzed. 

The two most common ways of operating the neutral in medium voltage 

networks are isolated neutral and neutral compensated by means of a 

Petersen coil [12] [11] to limit single-phase fault currents. 
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To derive the value of the single-phase fault current in medium-voltage 

networks with an isolated neutral, the value of the impedance at the 

homopolar sequence in this configuration must be derived. The Zd and Zi 

will depend on the distance of the fault point from the busbar in the 

transformer substation, the homopolar impedance Zo, on the other hand, is 

equal to the sum of the capacitances to earth of all lines electrically 

connected to the busbar in the transformer substation [11].  

Considering Zd, Zi << Zo: 

(1.4)            𝐼𝑔 =
3 𝑗𝜔𝐶0𝐸

1+𝑗𝜔𝐶0𝑍𝑔
       

In the case of zero fault impedance, the expression can be approximated as 

follows: 

(1.5)            𝐼𝑔 ≅ 3 𝑗𝜔𝐶0𝐸       

This current will be higher in the presence of cable lines which have a higher 

capacity. 

In addition to the calculation of the fault current Ig, the analysis method 

based on the application of the symmetrical component theory allows the 

determination of the overvoltages to which the healthy phases are 

subjected, so that it is possible to draw the vector diagram of voltages and 

currents present in the fault section following a phase-to-ground fault 

occurring in an isolated neutral system.  

“Es”, “Et” are called sustained overvoltages at 50 [Hz]. “V0” is the voltage 

to earth that is generated on the operating capacitances of the healthy 

phases (V0=3*E). This overvoltage is quite dangerous as it stresses the 

insulation of the electrical components affected by it during the time the 

fault lasts [12]. 



 

13 
 

                      Fig.6 Single-phase fault vector diagram 

The other most common type of neutral operation is the compensated 

neutral. The star point of the transformer is connected to earth by means of 

a pure inductance (in the transformer substation) realized via a coil known 

as a Petersen coil. In the event of a phase-to-ground short, the fault current 

closes through both the healthy phase capacitances and the Petersen coil. If 

this inductance is perfectly tuned, the earth fault current Ig is extinguished, 

so the Petersen coil is also referred to as a self-extinguishing coil. 

In the single-phase fault situation, phase r to ground, shown in the image 

above, the short-circuit current takes on the following value [12] [11]: 

(1.6)            𝐼𝑔 =  
𝐸𝑟 (1−3𝜔

2𝐿𝐶)

𝑗𝜔𝐿+𝑍𝑔(1−3𝜔2𝐿𝐶)
     

If a perfect tuning is considered, there is a condition of resonance between 

the inductance of the Petersen coil and the operating capacitance of all lines 

electrically connected to the busbar in the transformer substation. 

Resonance is obtained at: 

(1.7)            𝐿 =  
1

3𝜔2𝐶
                     

In such condition there will be zero single-phase current [11] [12]. 
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Fig.7 Path of single-phase fault currents in Petersen-compensated neutral 

networks 
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3 Literature Review  
 

3.1 Statistics on power grid failures 
 

After having set out the basic theory for the study of single-phase faults, it 

is useful to review which types of faults are most common in distribution 

networks by looking at statistics, and evaluate which faults are most 

dangerous and most difficult to detect. 

We are particularly interested in assessing the frequency of fault events in 

medium-voltage distribution networks, and we begin by referring to a study 

carried out in Bulgaria [1] . A 110/20 kV transformer substation was 

considered, and the activation of line protections was observed for two 

years. The used relay protections against earth faults were the “ANSI 50N” 

and in case of phase-to-phase, the “IP” and the “TOCP ANSI 50”. The type 

and number of power lines connected to the 20 kV supply busbar is 

summarized in the table below. 

Table 1: number of lines analyzed 

 

After the two-year observation period, it was seen that single-phase earth 

faults are extremely more common and frequent. The share of phase-to-

phase faults is 10%-11% versus the 89%-90% of the earth faults. 

Fig.8 Percentage of relay protections trips for the studied MV system in 

2018 depending on the fault type [1]. 

Line Type Overhead line 
(OPL) 

Underground 
cable (CL) 

Mixed OPL & 
CL 

N° of lines 7 7 4 
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Fig.9 Percentage of relay protections trips for the studied MV system in 

2019 depending on the fault type [1]. 

 

Fig.10 Percentage distribution of earth faults depending on the line type in 

2018 [1]. 

 

 

Fig.11 Percentage distribution of earth faults depending on the line type in 

2019 [1]. 

In conclusion, we can state that the most common faults are single-phase 

earth faults affecting overhead lines, they are more vulnerable to faults 

than cable lines because they are exposed to numerous environmental 

factors, lets see what is referred in Norwegian reports [13]. 
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In the Norwegian power grid, there is a mandatory responsibility given to 

the DSOs and the TSO to report faults and disturbances via a national 

reporting structure called FASIT. This document specifies the type of 

incident, the number of affected phases, voltage level, the time duration 

and plausible root cause and contributing causes. Statistics are divided by 

voltage levels, 1-22 kV and 33-420 kV, the graphs show the number of 

failure events and the resulting energy not delivered [13]. 

Fig.12 Number of events reported in the Norwegian 1-22 kV grid in 2016 

and the resulting energy not delivered (ILE) as function of root cause [13]. 

Fig.13 Number of events reported in the Norwegian 33-420 kV grid in 2016 

and the resulting energy not delivered (ILE) as function of root cause [13]. 

As can be seen, the number of events and consequences is far larger in the 

1-22 kV grid. Vegetation and wind are two of the major root causes,  the 

events caused by vegetation, which will be discussed in detail in this thesis, 

are between 70 and 80 per year and have the highest amount of 

undelivered energy in Norway's distribution systems [13]. 
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3.2 Impedance-based method 
 

In view of the severity and major economic impact of faults in power lines, 

fault detection, localisation and prediction are of paramount importance. we 

will now discuss and analyse the most widespread methodologies and those 

under development: 

I. Impedance-based method 

II. Travelling waves method 

III. AI-based method 

The impedance-based methodology applies Kirchhoff’s laws and utilizes the 

voltage and current measurement before and after the fault for locating the 

point of failure into the grid, is probably the simplest method and one of the 

first to be used [6]. 

Voltage and current measurements and the line impedance matrix are used 

to form equations that calculate the overall impedance between the feeder 

and the fault point, and subsequently the distance of the fault from the 

busbar.  

(3)            [

𝑈𝐹𝑎
𝑈𝐹𝑏
𝑈𝐹𝑐

] = [

𝑈𝑆𝑎
𝑈𝑆𝑏
𝑈𝑆𝑐

] − 𝑑 [

𝑍𝑎𝑎 𝑍𝑎𝑏 𝑍𝑎𝑐
𝑍𝑏𝑎 𝑍𝑏𝑏 𝑍𝑏𝑐
𝑍𝑐𝑎 𝑍𝑐𝑏 𝑍𝑐𝑐

] [

𝐼𝑆𝑎
𝐼𝑆𝑏
𝐼𝑆𝑐

]    

The equation (3) is used to calculate the voltage “UF” at fault point in a line 

without branches. “Us” and “Is” are the voltage and current at the local end 

respectively; “d ” is the distance between the fault and the beginning of the 

line and “Zxy” is the impedance between phases x,y. 

An important parameter of the equations is the fault resistance “Rf”, it is a 

real value and for the elimination of the fault resistance, is consider an 

unknown parameter. Firstly, the equations are split into their real and 

imaginary part. The fault distance can then be obtained by the resolution of 

the equation formed, after the imaginary part is set equal to zero.  

(3.1)            [
𝑑
𝑅𝑓
] =

1

𝑀1𝑛𝐼𝐹𝑛𝑖−𝑀2𝑛𝐼𝐹𝑛𝑟
[
𝐼𝐹𝑛𝑖 −𝐼𝐹𝑛𝑟
−𝑀2𝑛 𝑀1𝑛

] [
𝑈𝑆𝑛𝑟
𝑈𝑆𝑛𝑖

]   
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(3.1) is utilized for location of a single-phase fault current occurring at 

phase n in a line without branches. “r” and ”i” refer to real and imaginary 

part of the variables; “USn” is the voltage at the local end; “IFn” is the fault 

current; “M1n” and “M2n” are defined as: 

(3.2)            𝑀1𝑛 =  ∑ (𝑍𝑛𝑘𝑟𝐼𝑆𝑘𝑟− 𝑍𝑛𝑘𝑖𝐼𝑆𝑘𝑖)𝑘    

(3.3)            𝑀2𝑛 = ∑ (𝑍𝑛𝑘𝑟𝐼𝑆𝑘𝑖+ 𝑍𝑛𝑘𝑖𝐼𝑆𝑘𝑟)𝑘    

Where “k” equals to one of the three phases each time; “Znk” is the 

impedance between the phases n,k; “ISk” is the current at the local end. The 

calculation can be performed directly or through an iterative process [6].  

In the case of a line with laterals (Fig.14), a set of equations describes each 

line section and if the result of the computations surpasses the length of the 

line section, the next section’s equations are solved. The power flow is 

calculated each time for the evaluation of the current and voltage on the 

bus at the beginning of the next line section. If the section contains loads, 

the phasors preceding the fault are used to calculate the equivalent load 

impedance on each bus. The final result is the distance “fd” between the 

fault and the nearest preceding bus, which when added to the cumulative 

length of the line sections, between the fault bus and the beginning of the 

feeder, gives the total distance of the fault from the feeder. Different set of 

equations correspond to each type of fault; therefore a classification of the 

fault type is usually required before the application of an impedance-based 

method [6]. 

 

Fig.14 Impedance-based method representation 
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3.3 Travelling-wave method 
 

Another common and developed method is the one based on the travelling 

wave theory. Following the occurrence of a fault, a high-frequency 

waveform appears and travels between the two terminals of the line; the 

time it takes to reach the end of the line depends on the location of the 

fault point. Since the speed of the wave is considered known, the distance 

“fd” from one of the end can be simply calculated by: 

(3.4)            𝑓𝑑 =
𝑙−𝑣(𝑡𝑎− 𝑡𝑏)

2
     

Where “ta” and “tb” are the time that the wave takes to arrive at the two 

terminals; “v” is the velocity of the wave and “l” is the length of the line [6].  

It is possible to make measurements on a single terminal by exploiting the 

travelling wave reflection phenomenon. the wave is reflected at the 

extremities and the time it takes from one terminal to the fault point and 

back is evaluated, this allows the location of the fault to be estimated using 

the following equation: 

(3.5)            𝑓𝑑 =
𝑣(𝑡2− 𝑡1)

2
   

Where “t1” and “t2” are the time that the wave takes to travel to the fault 

point and back respectively; “v” is the velocity of the wave and “fd” the 

distance from one terminal of the line.  

 

Fig.15 Travelling-wave method representation 
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It is now useful to list the advantages and disadvantages of these two 

methods of fault location. The main drawback of the impedance-based 

methods is the multiple location estimation in large grids with laterals, the 

method also depends on the system loading conditions during the fault 

which can affect its accuracy [6]. Additionally, methods utilizing current 

measurement may be affected by the saturation of the current transformer, 

in the end, implementation in grids with bi-directional power flows is a 

challenge. Nevertheless, it is easy to implement with few requirements. 

On the other hand, traveling-wave methods requires very specific 

equipment able to record the transient waves of voltage and current, and 

their arrival times. This leads to a significant increase on the cost of this 

method. Furthermore, in the one-terminal methods, the isolation of the 

wave of interest can be obstructed by unwanted reflections and noise added 

by other equipment and junctions of the grid. Moreover, most of traveling-

wave methods refer only to single phase faults, as previously mentioned, 

they are the most frequently encountered. However, single–ended methods 

are vastly used mainly because they do not depend on any kind of 

communication and synchronization between devices [6]. 

3.4 AI-based method 
 

In the last few years, the amount of measuring instruments and sensors in 

the power grid has increased significantly through, for examples, power 

quality analysers (PQA), phasor measurement units (PMU), smart meters 

and other types of sensors (line angle, vibration, wind, humidity, 

temperature, etc.). this increased of data from the power grid in 

combinations with the development of machine learning and neural 

networks gives a lot of new possibilities in terms of fault detection and 

mitigation [13].  

For the future application of fault detection methods based on artificial 

intelligence real-time monitoring of the electricity system will be required 

and will be necessary high-resolutions measurements devices capable of 
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communicating their detections with low latency to a centralized computing 

unit. Two possible devices offering these properties are PQA and PMU. 

Power Quality Analysers, as the name suggest, are used to analyse the 

power quality in the grid, usually have been installed in important junctions 

in the grid, such as the busbar on the secondary side of a HV/MV 

transformer. PQAs give information about voltage parameters, e.g. 

harmonic distortion, voltage variation and transients. This device has 

superior sampling rate, compared to PMUs, with a bandwidth of up to 25 

kHz and are capable to efficiently reproduce and store continuous waveform 

for large periods of time. On the other hand, Phasor Measurement Units 

provide time-synchronized voltage and current phasors at a reporting rate 

in the range of 10-60 Hz, each reported frame contains phasors constituted 

by angle and magnitude which correspond to the phase and amplitude of 

measured quantity, usually three phase voltages and currents [13].  

For more comprehensive network monitoring, Smart Meters (SMs) are 

becoming more widespread, an SM is an advanced measuring instrument 

that determines real-time consumption of electricity, records, and storages 

this data at predefined time intervals. SMs are able to define the energy 

consumption rates by sensing the voltage, phase angle, frequency and 

securely communicate that data. One of the most interesting things about 

these devices is that they can be programmed to monitor and to control 

home appliances and customer’s equipment e.g. air conditioners, heaters, 

lighting, etc. in the European Union Sweden and Finland are leading 

countries to carry out metering reform and large-scale smart meter 

deployment, and now have more than 80% of SMs implemented in their 

power systems [14]. Another good example is Italy, where through the 

“Decreto Legislativo 4 Luglio 2014 n°102”, has been introduced the 

obligation to install smart meters in order to reduce non-technical losses, 

this decree implemented provisions of the European Electricity Directive 

2009/72/EC, which provides for the adoption of smart meters as a tool for 

the more efficient management of electricity [15] [16] . 
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As outlined above, we are seeing a significant increase in the available grid 

monitoring data, which together with the need for load profile forecast will 

pose more challenging management for the operators. A great help will 

come from the evolution in the fields of big-data analysis and machine 

learning, such as deep neural networks.  

Machine learning problems, such as fault diagnosis for the power system, 

are usually divided in classification and regression. Classification problems 

are those that require the prediction of a specific label, i.e. the assignment 

of input to a certain category, while regressions are those that require a 

quantitative prediction. Both  types can be encountered in fault diagnosis 

methods, for example, in a distribution grid, determining if a fault has 

occurred or which grid branch or sector is under fault are classification 

problems because a distinction between healthy and faulty conditions is 

required. Determining the fault type is another classification problem, as the 

output can only be one of a group of fault types. On the other hand, 

predicting the exact point of a fault on the line is a regression problem 

because the predicted value is a number either in meters or in percentual 

units [6]. 

The most popular among artificial intelligence methods are the Artificial 

Neural Networks (ANNs), they are able to identify patterns among non-

linear related variables, simplifying they are a model that given an input x 

predicts a variable y based on certain parameters. ANNs are trained offline 

using dataset containing both faulty and normal operation data, and they 

are tested in an out-of-sample dataset to evaluate their performance. The 

majority of the proposed ANNs present similar structures with only some 

design choices differentiating them from each other. The determinants that 

distinguish the various types of neural networks are the dataset split 

strategies, the input data, the training algorithms, the activating functions, 

the number of neurons and number of layers [8] [6]. The Fig.16 shows a 

basic structure of a neural network.  

Other methodologies have also been developed based on artificial 

intelligence, for example the one with the use of Support Vector Machines 
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(SVM), those based on Fuzzy Logic (FL) and others that are based on 

genetic algorithms. 

 

Fig.16 AI-Neural network 

 

3.5 High Impedance Fault Review 
 

Having described the main methods of fault detection in electrical networks, 

we proceed with a description of an extremely problematic type of fault, this 

will help us to understand the characteristics of a THIF. 

High impedance faults (HIF) are one of the fault types that pose the 

greatest challenges to electrical grid operators. The HIFs, term normally 

applied to faults in distribution grids (10-25 kV), are a group of power 

system disturbance which present a very low fault current, lower of the 

sensitivity of protections, due to high grounding impedance. Referring to 

equations (1.3) in Chapter 2 it can be see that high “Zg” leads to a very low 

current.  

The most prevalent physical signature of the HIF is the fact that it is often 

accompanied with the AC electric arc, for this reason is usually called high 

impedance arcing fault. The arc ignition occurs once the magnitude of the 

voltage of the conductor touching the surface exceeds a specific voltage 
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limit, the break down voltage “Vbr”. Afterwards, the arc extinction occurs 

once the voltage magnitude becomes lower than Vbr. The Value of Vbr 

stays at different constant values for each half cycle of voltage [17], in each 

cycle of voltage the HIF results in at least two arc re-ignitions and two arc 

extinctions. In addition to the low current magnitude and arc this fault leads 

in several physical and electrical characteristics: 

a. Asymmetry in current waveform, due to difference in the break-

down voltage against positive and negative voltage value, there is a 

different between peak value and shape of positive and negative half 

cycles of the fault current. 

b. Intermittence of the arc, the arc does not generate current in a 

steady state pattern, instead it generates a few conductions cycle 

followed by several non-conduction cycles. 

c. Current buildup and shoulder, current magnitude gradually 

escalates until it reaches and maintains a constant value for many 

cycles. 

d. Non-stationary current, the current frequency spectrum varies 

with time. 

e. Randomness, both the current magnitude and its conduction/non-

conductions intervals are random values. 

f. Non-linearity, voltage and current characteristics of the HIF is non-

linear due to the electric arc. 

g. Low frequency components in current and voltage waveform, 

in the HIF waveforms can be seen harmonics up to 600Hz for the 

current and up to 300Hz for the voltage. 

h. High frequency components in current waveform, arc results in 

high frequency components in the current. 

The HIF, additionally, depends on various factors such as ground surface 

material, surface humidity, feeder configuration, voltage levels, weather 

conditions and load type. The two most influential factors are surface 

humidity and surface material, higher surface moisture results in higher 

fault current magnitude [17]. 
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Materials that are mostly touched by conductors are: tree branches and 

vegetation, lawns, gravel, stout gravel, thin gravel, asphalt, concrete, sand, 

board blocks and cement. These will lead to high impedance. Unlike most 

electrical system failures, which mainly endanger electrical equipment, HIFs 

pose a threat to people's safety and could also legal problems. Followed by 

HIF inception, the generation and accumulation of flammable gas, or the 

evolution of the arc to close flammable material could results in fire 

explosion. In addition to these dangers, there is the possibility that line 

crewman or people would have unintentional contact with the energized 

exposed conductor or energized surfaces [18].  

Certain and comprehensive reports about statistics of the HIFs are missing 

because only faults that result in relay alarm or trip are reported, however it 

is estimated that between 5% and 10% of the distribution faults are HIF 

[19]. For these reasons it is a crucial task to detect this type of faults using 

algorithms specifically designed to deal with these problems [17]. 

Create an accurate modelling of high-impedance faults based in realistic 

measured data is essential in controlling and improving the performance of 

protections systems for identification and location process. The causes of a 

high-impedance fault can be of various types as outlined above, so it is not 

possible to use a single model to describe all HIFs. Most of the HIF model 

suggested are electrical models, which consist of elements like variable 

impedances, diodes, DC voltage sources and controlled switches, and 

thermal models which are used to represent the electrical arc dynamics 

[20]. In manly of them, similar V-I characteristics were used. Most of the 

proposed models focus on the study of faults caused by phase conductor 

breakage [10], in this work the aim is to study faults caused by conductor 

contact with vegetation. 

A Tree-related HIF (THIF) is a complex type that occurs when a live tree 

comes in contact with a power line, this is difficult to be detected by 

protections because the fault current draw in the mA regime [10]. Failure to 

detect THIF early causes line interruptions and consequently possible 

blackouts (for example some blackouts took place in North America, Italy, 
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Southern Sweden, and Eastern Denmark when a tree caused critical lines to 

trip and extended the blackout) [21]. The starting point for the study of this 

type of failure will be to expose the vegetation conduction ignition exhibiting 

the development of electrical variables. Using experimental data, a model of 

the high impedance fault caused by live trees will be constructed. 

3.6 High Impedance Fault Modelling 
 

Numerous model proposals for high-impedance faults can be found in the 

literature, so we began with an analysis of the best type of model that could 

be adapted to the problem of modelling the first two phases of the THIF 

fault.  

The most common types consist of electrical models using elements such as 

variable impedances, controlled switches, and diodes [10] [22]. Some of 

these will be described in the following. 

MODEL 1 – “Sharaf and Wang” (2003) 

This is one of the simplest models; the fault impedance is modelled using a 

variable resistance Rf and a constant inductance (Fig.17). 

The variable resistance is calculated using the following formula: 

 

 

 

                   (3.5)            𝑅𝑓 = 𝑅𝑓0 (1 + 𝛼 (
𝑖𝑓

𝑖𝑓0
)

𝛽

)   

 

 

Fig.17 “Sharaf and Wang” model [22] 
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Where Rf0 is the resistance at the beginning of the fault; alpha and beta are 

default parameters; if and if0 are instantaneous and initial current, 

respectively. The major limitation of this model is that it only simulates the 

non-linearity and asymmetry characteristics of the current.  

MODEL 2 – “Emanuel et al.” (1990) 

The model constructed as illustrated in Fig.18 consists of a constant 

inductance in series with a constant resistance, are then combined with two 

diodes connected in antiparallel. Each diode is connected with a continuous 

voltage generator.  

The fault current circulates thanks to the voltage sources VP during the 

positive half-period, during the negative half-period thanks to the generator 

VN. The VN voltage will be higher than the VP voltage because during the 

positive semi-period the current is slightly higher than during the negative 

semi-period. The presence of harmonic content is controlled by the 

difference between the two sources (ΔV= VN - VP) and the ratio of reactance 

XL to resistance. As with the previous model, only the phenomenon of 

asymmetry and non-linearity is simulated [22].  

 

     Fig.18 – “Emanuel et al. Model” [22] 
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MODEL 3 – “Nam et al.” (2001)[19] 

This model is realized by connecting two variable resistors in series, which 

are controlled using a Transient Analysis of Control Systems (TACS) routine 

from ATP. 

The resistor R1 simulates the phenomenon of non-linearity and asymmetry 

of the current, acting in the transient and permanent regimes. The value of 

this resistor is obtained by the ratio between voltage and current within a 

cycle in which there are no significant changes in amplitude in relation to 

subsequent cycles. Therefore, it is assumed that in the selected cycle there 

was no influence of the accumulation and shoulder phenomena, which 

allows the division between the voltage at the fault point and the 

corresponding current to result in the resistance simulating the asymmetry 

and non-linearity characteristics of the HIF current [22] [23]. 

On the other hand the resistance R2 simulates the phenomena of buildup 

and shoulder (period of elevation of the fault current remains constant 

before beginning to rise).  

Its value is calculated by dividing the absolute maximum values of the half-

cycles of the voltages by those of the currents. Since the steady-state 

operation of the system only has the influence of R1, the value at which it 

has been stabilized (R1) is subtracted from the curve obtained above and 

the behavior relative to the accumulation and shoulder characteristics (R2)  
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is obtained. Finally, a regression analysis is performed to approximate the 

points of R2 with a time-dependent equation. Thus, this model simulates 

the characteristics of non-linearity, current asymmetry, buildup, and 

shoulder. 

                              Fig.19 – “Nam et al. Model” [23] 

 

 

MODEL 4 – “Bahador et al.” (2017) [10] 

This model differs completely from the previous ones in that it does not use 

electrical components to reproduce the current pattern. 

A mathematical process using experimental data as a starting point is 

proposed here; the process is divided into four levels: namely the data 

collection; model structure selection; model parameter estimation and 

model validation.  

The model structure is a mathematical correlation between input and output 

variables which are, respectively, conductor voltage and fault current. The 

model has to be nonlinear because the fault current depends non-linearly on 

conductor voltage. For this reason the input-output correlation is 

decomposed into three interconnected elements, the dynamics are modelled 

using a linear transfer function and the nonlinearities are represented using 
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non-linear functions. This structure is achieved by Hammerstein-Wiener 

model (Fig.20). 

 

 

                       Fig.20 - Hammerstein-Wiener model [24] 

Where [24], 

• “f”  is a nonlinear function that transforms input data u(t) as 

w(t)=f(u(t)). 

• “B/F” is a linear transfer function that transforms w(t) as 

x(t)=(B/F)w(t). x(t), an internal variable, is the output of the Linear 

block and has the same dimension as y(t). for “ny” outputs and nu 

inputs, the linear block is a transfer function matrix containing 

entries: 
𝐵𝑗,𝑖(𝑞)

𝐹𝑗,𝑖(𝑞)
 where j=1,2,…, ny; and i=1,2,…,nu. 

• “h” is a nonlinear function that maps the output of the linear block 

x(t) to the system output y(t) as y(t)=h(x(t)). 

This type of model structure is a feed forward block-oriented structure. The 

following step is the parameter estimation, an iterative process to minimize 

the error between simulated and experimental data [10].  

4  Data and Setup for fault 

modelling 
 

In Chapter 3.5, the main methodologies for modeling high-impedance faults 

were described. In the subsequent part of this thesis work (Chapter 5), a 

methodology will be presented for creating a THIF model, inspired by the 

"Nam et al." model (MODEL 3). The procedure in Chapter 5 will involve the 



 

32 
 

utilization of experimental data as a foundation; therefore, it is essential to 

describe the field experiment that will be referenced. 

4.1 Vegetation conduction ignition test 
 

The best way to start constructing a model for the tree-related HIF is to 

analyse experimental data. This text will refer to data from an experiment 

carried out in Australia (Appendix 1). 

In the “Black Saturday bushfires” in Victoria (Australia) in February 2009 a 

series of devastating bushfire occurred, some ignited by electrical faults, 

this resulted in the death of 173 people, more than 4000 injured, and 

caused $4.4 billion of economic damage to the state [2]. After that the 

Victorian Government established the “Power Bushfire Safety Taskforce” 

called for targeted research to improve the state of knowledge on how fires 

are ignited by power lines faults and how to prevent them. One of the 

projects, the “Vegetation Conduction Ignition”, around twenty different 

plant species were tested in a hundred experiments, on a real three-wire 22 

kV feeder, to study fault behavior and promote the development of 

protections technologies [2]. 

The conduction ignition experiment design was relatively simple: different 

fault configurations generated electric current through vegetation and 

ignition results were recorded and observed, together with fault signatures. 

The chosen test configurations were: 

I. Wire into vegetation – a conductor dropped into or sitting in 

earthed vegetation, either grass or a bush. 

II. Branch touching wire – branch laid across two conductors, one 

earthed and one with full nominal phase voltage applied. 

III. Branch across wires – branch laid across two conductors connected 

to two separate phases of the incoming voltage supply, i.e. with 22 

kV between them. 
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The ignition test area contained the test rig that supported the test sample 

on two parallel sections of a typical aluminum power line conductor 

(19/3.25AAC). The conductors could be connected to medium-voltage 

busbars mounted on the ceiling by means of flexible drop cables or they 

could be earthed depending on the desired operating configuration for the 

test. With both conductors connected to the high voltage busbars, the test 

rig operated in the phase-to-phase configuration to simulate “branch across 

wires” faults. An earthed trolley was used to support vegetation samples for 

grass and bush tests to simulate “wire into vegetation” faults [2]. 

 

Fig.21 22 kV conductors and vegetation in contact 

Fig.22 Test layout 

 



 

34 
 

4.2 Electrical measurement system features 
 

For current measurement was used a HiLo Test 0.2Ω coaxial shunt, to 

enable wide-band and low-noise recording. The voltage across the shunt 

was fed to digitizers via two separate channels: 

• Low-frequency channel – the shunt output signal was sampled at 

100kS/s with suitable anti-alias filters. This provided a cut-off 

frequency of 50kHz and a record of currents up to 7Arms with 14-bit 

(2.4mA) resolution; wide-band noise levels below about 3mA; 

Narrow-band baseline noise in computed spectra was about 1μA [2]. 

 

• High-frequency channel – the shunt output signal was fed through a 

three stage RC high-pass filter with 10kHz cut-off frequency. It was 

sampled at 2MS/s with suitable anti-alias filters. Was provided a 

wide-band (10kHz – 1MHz) records of high frequency current 

components up to 180 mArms with 14-bit (30μA) resolution and 

wide-band noise levels below about 300μA. The narrow-band baseline 

noise levels in computed high-frequency voltage spectra were 

observed to be around 200nA [2]. 

For the voltage measurement two Omicron 24kV 1.1nF coupling capacitors 

were combined with bottom-end capacitors to form a dual channel 

capacitive voltage divider (CVD). Two layers of over-voltage protection were 

included in each channel; a 125V bidirectional voltage limiting diode 

embedded in the coupling capacitor itself and a 350V spark gap contained in 

the bottom-end termination box. The two channels of the CVD were 

recorded differently: 

• Low-frequency channel – a 2.2μF bottom end provided a 2000:1 

ratio; the output signal was sampled at 100kS/s with suitable anti-

alias filter. This provided a cut-off frequency of 50kHz and a record of 

voltages up to 14kVrms with 14-bit (2.44V) resolution and wide-band 

measurement system noise level below about 50mVrms [2]. 



 

35 
 

 

• High-frequency channel – a 110nF bottom-end capacitor with 220Ω 

shunt resistor provided a ratio of 100:1 at high frequencies and a 

high-pass characteristic with a corner frequency of 10kHz. The output 

signal was processed by a Frequency Devices active 4-pole 

Butterworth filter with a 10kHz corner frequency to further eliminate 

50Hz signals and low order harmonics. It was then sampled at 2MS/s 

with suitable anti-alias filters. This provided wide-band (10kHz-1MHz) 

records of high-frequency voltage components up to 1.4Vrms with 

14-bit (0.24mV) resolution and wide-band measurement system 

noise below 20mVrms. The narrow-band baseline noise levels in 

computed high-frequency voltage spectra were observed to be 

around 50µV [2]. 

The image below (Fig.23) shows the low-frequency voltage and current 

waveforms of the test number 646 as an example (high-frequency 

waveforms for voltage and current are also available). The test relates to a 

phase-ground fault via the species of tree “Pinus Radiata” (Appendix 1), the 

duration time of the test is 64563ms; Ilimit = 2A; a moisture content of 

53.0%wt.; conductivity of the sample 96μS/cm and it did not result in a 

fire. 

 

Fig.23 Low frequency voltage and current test n°646 
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4.3 “Branch on wire” characteristic  

 

Having seen the data structure and an example of the voltage and current 

waveforms, it is necessary to explain the phases of a powerline “branch on 

wire” vegetation fault which will explain the development of the fault 

current value. It is possible to divide this phenomenon into four different 

components, the development of conductor-vegetation contact; the 

expulsion of moisture; progressive charring extending from the thinner end; 

flashover. 

Fig.24 branch on wire test 

Phase 1: “Conductor-vegetation contact”  

When the vegetation sample comes into contact with an energized 

conductor, for the experiment under analysis 22kV, sparks can be seen at 

the contact point(s). Sometimes the sparks are visible for a short distance 

(typically not more than 100mm) as they are usually carried away by the 

wind. After an interval of time that can last from a few seconds to tens of 

seconds, each contact point is progressively wrapped in a ball of plasma or 

flame that extend almost right around the branch above the contact point. 

Since plasma and flame are conductors, the current has a larger area 

available to enter the branch. As the effective contact area increases, the 

fault current increases until it reaches the first maximum value. The current 
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usually takes 10 to 15 seconds to reach the maximum point, but in extreme 

cases it could take more than a minute [2]. The Fig.25 below considers test 

407, shows the increase of current (low frequencies channel) in the 

“conductor-vegetation contact” step.  

Test n°407: A.Pycnantha “Golden Wattle”; duration 31645 ms; Ilimit = 2 A; 

a moisture content of 32%wt.; conductivity of the sample 236μS/cm and it 

did not result in a fire. 

 

Fig.25 Stages of current evolution Test n°407 

Phase 2: “Expulsion of moisture” 

After the first current peak, the most relevant phenomenon of the majority 

of tests is the expulsion of moisture from the sample in the form of water 

and steam, often accompanied by a very loud continuous squealing or 

whistling noise.  

During the second phase the current stabilizes and remains almost constant 

and even show a substantial decline from its first peak before the star of the 

next phase (Fig.25) [2].  

Phase 3: “Progressive charring extending from thinner end” 

At the end of the moisture expulsion process, flame slowly spread along the 

branch from one or both ends. In the Fig.25 is illustrated the progression of 

Phase 3  and the associated current waveform in a phase-to-earth test (test 

n°407) of a “Golden Wattle” sample.  

Presumably the flame starts from the thinner end towards the thicker 

because of factors such as the higher resistance of thinner sections 

1 2 3 
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generated more heath from the same current; lower mass of thinner 

sections meant a higher temperature increase for the same amount of 

heath.  

Phase 3 is associated with progressive charring of the bark. In many tests 

this charring did not seem to penetrate the core wood of the branch, but 

often small branches and twigs were completely burnt out. As this phase 

progresses, small pieces of burning bark and twigs can fall into the ground 

creating potential fire risk.  

As more and more the branch became covered in flame, intermittent arcs 

would sometimes appear in the flame. These would short-circuit the burning 

section of branch causing large fluctuations in the current [2].  

Phase 4: “Flashover” 

When the flame extends from conductor to conductor in an unbroken path, 

flashover occurs and the current go to the maximum value allowed by the 

200Ω resistors in each phase of the supply – 45A in the phase-to-phase test 

and 65A in phase-to-earth tests. 

In the majority of tests there was applied a current limit, usually 0.5, 1, 2, 

4A. Such tests often ended during phase 1 or 3, flashover was only 

considered in the tests performed to study the entire fault development 

process [2]. 

 

4.4 Visualization of experimental results 
 

Before proceeding with the modelling process, it is essential to analyse the 

characteristics of the fault current resulting from the contact of a shaft with 

a phase conductor. 

The fundamental characteristics of a THIF do not differ much from those of 

other high-impedance faults. The amplitude of the current is very low, less 

than 2A in the totality of the tests in (Appendix 1), which has already 

mentioned is a major issue because it can easily be confused with other 
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phenomena such as energizing and de-energizing of loads and capacitor 

bank switching [22]. Following the contact of the branch with the conductor, 

the amplitude begins to rise (phase 1), reaches its maximum and begins to 

fall as moisture is being expelled and this corresponds to an increase in 

impedance (phase 2). Subsequently, we enter the carbonization phase, and 

this can result in an arc, so there is the possibility of a THIF fault evolving 

into an arc-ground fault. In this paper, we will concentrate on modelling the 

phases prior to carbonization for several reasons:  

• Firstly, these two phases recur with similar trends for almost all the 

tests analyzed and it is therefore possible to compare them with each 

other in order to derive some kind of relationship and identify the 

parameters that most influence the evolution of the phenomenon, the 

only similarity between the various tests that is found in the later 

phases is that of phase 4, meaning the important increase in current 

amplitude following flashover (Fig.26).  

• It is desirable that a fault detection methodology be developed to 

identify the presence of a THIF in the early stages, because at the 

end of the moisture expulsion phase, the charring phase begins which 

carries a high risk of fire ignition. 

 

 

 

Fig.26 Similarity between various tests phase 1 and phase 2 

As explained above, reference will be made to the data resulting from the 

project “Vegetation Conduction Ignition Testing” (Appendix 1). Following the 
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2009 Black Saturday bushfires in Australia, a series of devastating bushfires 

with some ignited by electrical faults, the commission responsible for 

investigating the fires recommended research in the field, this resulting in a 

$750 million founding [25]. One of the projects was the investigation on 

electrical faults caused by the contact of trees with power distribution lines.  

In the tests around twenty species were tested in slightly less than one 

thousand experiments on a real 22 [kV] feeder to study fault behavior. The 

data was made public by the Victorian Government and contains video, 

logs, signal recording graphs and analysis of the tests.  

Data are available in the format “H5DF” (Hierarchical data format) 

accompanied by a visualizer scrip in MATLAB. In total there are 53 

background and 983 fault tests [25]. within the final report, a summary 

table can be found where the main characteristics such as species under 

analysis, test duration, sample diameter, configuration (earth phase or two-

phase) are indicated (Table 2) [2]. 

Let us now take test number 646 with the characteristics below as an 

example, enter this number into the MATLAB visualization script (Appendix 

1) and see what information is displayed. 

Once executed, the script provides 5 graphs, low-frequency voltage and 

current; high-frequency voltage and current; and trigger signal (Fig.27). 

Fig.27 Test n°646 visualization 
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Table 2: test 646 characteristics 

 

Table 3: test characteristics [2] 

 

The graphs of Fig.27 were left in their original form without modification to 

show the visualization in the original script, after which it was changed to 

obtain a graph as in Fig.26/27. In the MATLAB workspace following 

execution, the variables of interest, the low-frequency voltage and current, 

are saved in vector format 7830008x1 double. 

 

 

 

Test Type Iinit[A] 
Duration 

[ms] 
Ilimit[A] Flashover species 

Moisture 
[%wt.] 

Conductivity 
[μS/cm] 

Diameter 
[mm] 

Fire 
result 

646 Ph-e 0.289 63563 2 N 
Pinus 

Radiata 
53 96 25 0 
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5 Tree High Impedance Fault 

Modelling 
 

The field experiment described in the previous chapter, with its multitude of 

voltage and current records relating to single-phase and two-phase faults 

caused by the contact of vegetation with phase conductors, served as a 

basis for the following tasks: 

o Develop an understanding of the phenomenon: through the analysis 

of various tests, it was possible to comprehend the parameters that 

influence the dynamics of this type of fault and the ways in which 

they influence it. 

o low-frequency voltage and current measurements are used for a 

regression and interpolation process: This allows fault currents to be 

estimated for unknown moisture values (as moisture is one of those 

key parameters influencing the dynamics of a THIF). 

 

o Finally, the available data is used to validate the model.   

The creation of a reliable model describing the dynamics of a tree-high 

impedance fault is desirable because it would allow a large number of 

datasets to be derived without recourse to expensive and time-consuming 

field tests such as the one described in Chapter 4. The model could also be 

applied to electrical network simulation software, obtaining fundamental 

data for the training phase of AI-based fault detection methodologies.  
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A procedure similar to that set out in section 3.5 (MODEL 3 "Nam et al. 

Described in 3.5 [23] [20]) was followed for the creation of the model. The 

image below summarises the procedure followed, which will be explained in 

detail later in this chapter. 

Fig.28 summary modelling process 

 

5.1 Modelling R1(t) component 

 

To create a model describing the behavior of a THIF, a methodology similar 

to Nam et al.'s 'MODEL 3' described in 3.5 [23] [20] is used. It is therefore 

required to derive two variable resistors R1(t) and R2(t). The first will model 

the asymmetry and non-linearity of the current, while R2(t) will simulate 

the increase in current of the contact formation and moisture expulsion 

phases. In this thesis, however, it was chosen to derive a complete 

impedance without splitting into two components.  

To begin the procedure for evaluating R1(t), a MATLAB script was created 

which receives as input the vectors with the voltage and current data 

provided by the visualization script described above. At this point, it was 

decided to perform a linear interpolation of the input data to make it 

possible to find the zeros and thus isolate the various periods. 

Subsequently, the portion of the graph between the beginning of the 
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conductor-branch contact formation and the end of the moisture expulsion 

phase was isolated (Fig.29).  

 

Fig.29 Current interpolation test n°646 - phase one and two isolation 

Using interpolation, it was possible to isolate the individual cycles of current 

and voltage, and thus to evaluate the non-linearity by creating the V-I 

characteristic. A cycle in the beginning of phase two, at 11s from the start 

of contact formation, and an internal cycle in phase three of carbonization 

were therefore taken. The V-I characteristics were then plotted by placing 

the voltage values as a function of current (Fig.30). 

 

 Fig.30a V-I characteristic in the end of phase 1 
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Fig.30b V-I characteristic phase 2 

It was found that the non-linearity and discontinuity in the proximity of the 

zero crossings increases significantly in the carbonization phase compared 

to the first two phases. This behavior was found for the entirety of the tests 

analyzed, in particular, the species Pinus Radiata was taken, and the V-I 

characteristics of the test beacons were confronted; end-of-phase one 

cycles (near the point of maximum current) were used for all the tests 

compared and no  significant differences were seen. 

Following this constatation, it was decided to use the cycle in Fig.31 to 

derive a basic impedance describing the non-linearity and discontinuity 

characteristics of the current for the model. This process of constructing 

R1(t) is therefore similar to that proposed in [23]. The expression of R1(t) 

was derived as a simple ratio between voltage and current: 

(5)            𝑅1(𝑡) =
𝑉(𝑡)

𝐼(𝑡)
   

V(t) and I(t) are both two cycles chosen near the end of the contact 

formation phase Fig.31. 154 points of both voltage and current were used in 

order not to overload the memory in the final stage of the model where the 

complete impedance will be constructed. 
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Fig.31 Current and voltage used for R1(t) 

Once the ratio between these two quantities was obtained, the impedance 

trend had to be eliminated, some points, all in the proximity of the zero 

crossing, which appeared as very high peaks. The mean value between the 

maximum and minimum was also calculated, which will be used later to 

derive the complete impedance curve (Fig.32). 

It is possible to see the non-symmetry of the current, the current value in 

the positive half-period is always greater than in the negative half-period, 

consequently the impedance has inverse behavior with a greater value in 

the negative half-period. 

Fig.32 R1(t) 
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5.2 Impedance Filtering 
 

With the construction of R1(t), it was intended to describe the behavior of 

THIF in the order of magnitude of "ms" in order to model the current 

waveform. It is now necessary to move into the order of magnitude of 

seconds to try to model the increase in the value of the current.  

As a first step, different tests belonging to the same species (Pinus Radiata) 

were taken in order to compare the current trend in the first two phases.  

The intention was to compare fault impedances rather than using currents, 

and therefore the relationship between the vectors (7830008x1 double) of 

voltage and current provided by the visualization script was performed. The 

result Fig.33a was then plotted, this was initially surprising as it did not 

seem to follow the expected pattern considering the shape of the current. 

Once zoomed in to the "ms" order of magnitude, it was seen that the signal 

exhibits very high peaks at each zero crossing of current and voltage, then 

at a frequency of 100Hz Fig.33b.   

  

                        a)                                                    b) 

Fig.33 V(t) / I(t) ratio  

A low-pass filter with a cutoff frequency of 92 [Hz] was initially used to 

clean the signal, resulting in the graph in Fig.34, where the expected trend 

is beginning to be visible. What is desired, however, is a trend without 

oscillations to be used as a drive to increase the value of R1(t). The output 
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of the first filter was then re-filtered with an additional low-pass at a cut-off 

frequency of 100Hz to obtain the desired shape. 

 

Fig.34 Impedance filtering 

It can be seen that for this test, the impedance goes from an initial 

maximum value of about 25000Ω to a minimum value of 11750Ω reached in 

about 9s. Subsequently, the impedance rises again following the start of 

moisture expulsion from the sample, at 14s this phase also ends, and the 

carbonization phase begins. 

5.3 Correlation between impedance and moisture 

content 
 

In this phase, an analysis of the impedance trend is carried out by 

comparing various tests belonging to the same species. The aim is to 

understand which parameters most influence the impedance value and the 

duration time of the various failure phases.  

For this purpose, tests with characteristics summarized in the table below 

were taken, filtering was carried out for each of them as set out in 4.4, and 

the impedance trends were compared in a single graph Fig.35. 
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Table 4: Impedance comparison  

 

Fig.35 Impedance comparison 

From Fig.35, it was realized that the initial impedance value is closely 

related to the moisture value of the sample. As the moisture value 

decreases, the initial impedance increases in absolute value.  

The moisture content of the sample greatly influences the value of the 

impedance, take as an example the tests 230 and 260 with moisture 56%wt 

and 33%wt respectively, we have an initial impedance of approximately 

20000Ω for the higher moisture test and 160000Ω for the lower moisture 

test, thus a considerable difference of 140000Ω. 

This relationship between moisture and impedance has been found for all 

tree species, not shown here. The reason for this behavior is easily 

understood as the water molecules within the sample provide the current 

with a lower resistance path [2]. 

A model describing a high-impedance fault cannot fail to take this type of 

behavior into account; environmental conditions can lead to considerable 

Test Type I init [A] Duration [ms] I limit [A] Flashover Species Moisture [%Wt] Conductivity [µS/cm] (1=fire) 

230 ph-e 0.449 147211 2 N Pinus Radiata 56 150 1 

238 ph-e 0.081 188477 2 Y Pinus Radiata 41.8 124 0 

260 ph-e 0.06 109311 2 Y Pinus Radiata 33 123 1 

269 ph-e 0.172 144704 2 N Pinus Radiata 43.2 107 1 

270 ph-e 0.208 65706 2 N Pinus Radiata 50.7 155 0 

643 ph-e 0.185 130610 2 N Pinus Radiata 45.7 85 0 

646 ph-e 0.289 64563 2 N Pinus Radiata 53 96 0 
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differences in the current value. In particular, during heavily rainy seasons 

a THIF fault would manifest itself with a higher current value than a fault of 

the same type during a dry season. This is certainly not a positive factor, as 

the fire hazard is certainly higher during summer periods that coincide with 

low humidity values and thus a lower and more hardly detectable fault 

current value.  

The resistance R2(t) of the model, which decreases the value of R1(t), must 

therefore depend on the humidity value. The objective is to be able to 

obtain the impedance value for any value of humidity, which is considered 

to be very useful since, as mentioned before, it will be possible to relate the 

current value to the environmental conditions.  

Once the model of R2(t) has been obtained, it will be possible to verify it 

with the experimental data. R2(t) will be derived with a moisture value 

available in the test set (not present in Fig.35) and compared with the 

actual test data. 

 

5.4 Impedance estimation for unknown moisture 

content – R2(t) 
 

Before proceeding to the impedance estimation step for humidity values 

other than those provided by the experimental data[16], it was decided to 

perform a polynomial interpolation for each impedance shown in Fig.34, in 

order to obtain a function, which is much easier to use in subsequent 

mathematical processes than a data vector.  

Polynomial interpolation is a mathematical method used to approximate an 

unknown function from a set of known points. This method involves 

constructing a polynomial of degree 'n', which will be a polynomial equation 

in the general form: 

(5.1)            P(x) = aₙxⁿ + aₙ₋₁xⁿ-¹ + ... + a₁x + a₀.    
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The aₙ, aₙ₋₁, ..., a₁, a₀ are the coefficients of the polynomial that are 

determined by solving a system of linear equations. These equations are 

obtained by imposing that the polynomial passes through each of the known 

points, i.e. pairs of coordinates (x, y). By solving the system, the 

coefficients can be calculated uniquely. Once the coefficients have been 

obtained, the polynomial of degree "n" can be used to approximate the 

value of the function at intermediate points between the known ones, thus 

providing an approximate estimate of the general form of the function. 

For the data subjected to polynomial interpolation, it was observed that a 

polynomial of degree 6 best approximates the data trend. For this 

mathematical procedure, MATLAB's “polyfit” function was used, then the 

curves approximating the impedances in the first 25s of the THIF were 

drawn using the “polyval” function[22]. The following table shows the 

polynomials obtained. These polynomials were plotted with respect to the 

time axis, which was equalized for all tests, from zero to twenty-four 

seconds with a 0.1s step (Fig.36). 

Table 5: Basic impedances for estimation 

Fig.36 Polynomial interpolation of impedances 

Test a0 a1 a2 a3 a4 a5 a6 

230 -2,5601E+04 979,2593 698,5181 -130,1068 9,1955 -0,2999 0,0038 

238 -1,2340E+05 11487 -1634,9 252,7368 -19,4019 0,6747 -0,088 

260 1,8518E+05 28010 -51467 610,3401 -38,8754 1,2501 -0,016 

269 -6,1179E+04 7824,7 -1536,9 199,4576 -13,2448 0,4339 -0,0056 

       270 -3,8979E+04 2024,6 625,3849 -96,8171 4,9559 -0,0993 5,2299E-04 
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To obtain the trend of an impedance with an unknown moisture value, the 

following procedure was performed: for each value (tx) of the time axis (tx 

= 0: 0.1:24 [s]), the function passing through the points (Z260(tx);Wt%260), 

(Z270(tx);Wt%270), (Z238(tx);Wt%238), (Z269(tx);Wt%269), (Z230(tx);Wt%230) 

was constructed. Through interpolation, the point (Zunknown(tx);Wt%desired) is 

found. This procedure was iterated until the 1x241 vector containing the 

values of the unknown impedance was obtained. As the number of tests 

used for comparison increases, the precision of the estimate increases; only 

five base curves are given here to simplify the exposition of the procedure. 

Some estimated curves for different humidity values are now given as 

examples Fig.37, they will be used as the basis for R2(t). 

 

Fig.37a Estimated impedance, %wt.=38  

 

Fig.37b Estimated impedance, %wt.=42.5  
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  Fig.37c Estimated impedance, %wt.=48 

5.5 Current estimation procedure for unknown 

moisture content 
 

The last step in creating the THIF fault model in the contact formation and 

moisture expulsion phase is to combine the two resistances R1(t) and R2(t). 

I the current will be obtained by means of the ratio of voltage to impedance 

Z(t)=R1(t)+R2(t); initially, the current was obtained for one of the tests 

used to estimate R2(t), then using one of the sixth-degree polynomials 

given in Table 5 as the impedance R2(t), this was done in order to compare 

the current output of the model with the original current and to evaluate the 

error introduced by the filtering and approximation of R1(t). 

As a final step, a current will be estimated for a moisture value not present 

in Fig.35, but available in the test set[17] to verify the accuracy of the 

model. 

We proceed to the construction of Zfinal,238(t)=R1238(t)+R2238(t) referring to 

test No.238, this to evaluate the error introduced by filtering steps and 

approximation R1(t). In Fig.38a-b the basic R1(t) and the sixth-degree 

polynomial approximating the impedance decrease are shown. The objective 

is to repeat the form of Fig.38a so that it follows the trend of Fig.38b. To do 

this, the mean value of R1(t) base will be used and first this will be set 
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equal to the starting point (t=0) of R2238(t); R1base(t) is then translated 

to obtain R1238(t) (Fig.38c). 

 

Fig.38a R1base(t) 

 

Fig.38b R2238(t) 
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Fig.38c R1238(t) 

At this point R1238(t) is repeated every 0.4[s] imposing an increment from 

the mean value and evaluated on R2238(t). The number of increments will 

be 24[s] / 0.04[s] so a total of 600 increments. The final form of Z238(t) 

Fig.39 is thus obtained.  

 Fig.39 Z238(t) 

All that remains now is to derive the current by means of the voltage and 

impedance ratio. A sine wave with an amplitude equal to that used in the 

tests was created as the nominal voltage in [2]. 
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(5.2)           𝐼238(𝑡) =

22000

√2
sin(2𝜋 50 𝑡)

𝑍238(𝑡)
     

 

Fig.40 I238(t) original and estimated 

Fig.40 compares the current waveform obtained with (5.2) with the original 

current. It can be seen that the error introduced by the approximations that 

were performed to derive Z238(t) is extremely small. Is therefore possible to 

proceed with the validation of the model. 
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6  Results and Discussion 
 

6.1 Model validation 
 

Once it has been established in 5.4 that the approximations and filters used 

in the development of the model do not introduce substantial errors, the 

next step is to validate the model.  

We must then proceed to assess the accuracy of the current estimated for 

unknown moisture values. A moisture value will then be chosen which is 

available within the dataset but not used as a reference for estimating the 

full impedance (not present in table 5). 

Validation 1 

We begin to assess the accuracy of the model by assuming a moisture 

content of 53%wt. ( moisture value not used in the estimation process but 

present in the data set in Appendix 1 for validation). The current is then 

constructed following the steps outlined in Chapter 5 and compared with the 

current available in test 646 (Appendix 1). The characteristics of the test 

are summarised in Table 6. 

Fig.41 shows the trend of the estimated current (blue) and the trend of the 

measured real current (green). We can see how the model is consistent 

with the real course, but we notice some differences: In the first phase of 

contact formation, from time zero until the maximum is reached, it can be 

seen that the amplitude of the estimated current is greater than that of the 

real current; the maximum of the estimated current is slightly earlier than 

the real maximum; finally, in phase two, the phase of moisture expulsion, 

the amplitude of the real current is greater than that estimated. The graphs 

of R1(t) and R2(t) used to construct the current are also shown.  
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Table 6: Test 646 characteristics  

 

 Fig.41 Validation 1 

Validation 2 

Consider now another validation of the model, let us assume a humidity 

value of 45.7%wt. (moisture value not used in the estimation process but 

present in the data set in Appendix 1 for validation). Let us construct the 

current and compare it with the actual current exactly as we did before. 

Table 7 summarizes the characteristics of the test. 

Fig.42 shows the result, and it can be observed that the matching in this 

Test Type I init [A] Duration [ms] I limit [A] Flashover Species Moisture [%Wt] Conductivity [µS/cm] (1=fire) 

646 ph-e 0.289 64563 2 N Pinus Radiata 53 96 0 
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case is significantly worse than in "validation 1". Estimated current and real 

current are very similar during the 15s, but the behavior thereafter is 

different: the estimated current reaches a maximum and then begins to 

decrease, while the measured current continues to increase and reaches a 

maximum after the 24s considered in the model. 

Table 7: Test 643 characteristics  

 

Fig.42 Validation 2 

 

 

Test Type I init [A] Duration [ms] I limit [A] Flashover Species Moisture [%Wt] Conductivity [µS/cm] (1=fire) 

643 ph-e 0.185 130610 2 N Pinus Radiata 45.7 85 0 
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Validation 3 

As a final validation, a different tree species to the type used in the 

estimation process is shown. The aim is to verify if the model can also 

describe vegetation types different from 'Pinus Radiata' with good 

approximation.  

Assume therefore a moisture content of 51.6%wt. (moisture value not used 

in the estimation process but present in the data set in Appendix 1 for 

validation) and derive the current, it will then be compared with the real 

test of a tree "Eu. Baxteri" (test characteristics summarised in Table 8).  

From Fig.43 it can be noted that the current obtained from the model is 

very similar to the real current but shows differences with similar 

characteristics to 'validation 1': in the phase of contact formation, the 

estimated current has a greater amplitude than the measured one; opposite 

characteristics in the subsequent phase of moisture expulsion. 

Table 8: Test 392 characteristics  

 

Test Type I init [A] Duration [ms] I limit [A] Flashover Species Moisture [%Wt] Conductivity [µS/cm] (1=fire) 

392 ph-e 0.118 85332 2 Y Eu. Baxteri 51.6 204 1 
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Fig.43 Validation 3 

6.2 Discussion 
 

In 6.1, some verifications of the model describing a high-impedance single-

phase fault caused by vegetation contact with phase conductor were 

reported. It is now useful to discuss these results in order to define the 

limits of this model and show what can be done to increase the accuracy. 

It was found that the model has a high accuracy in the humidity range 

46%wt.-56%wt., whereas for the moisture range 33%wt.-46%wt. the 

increase in the amplitude of the estimated current differs from that of the 

real current, in particular the instant of reaching the maximum at the end of 

phase 1 of contact formation often does not coincide. This poor accuracy 

can be attributed to the impedance estimation process R2(t).  

In order to improve this impedance estimation process, it is necessary to 

introduce more base impedances by using a larger number of tests. This 

process is certainly possible given the large data set available (Appendix 1). 

The model following this process of introducing new base impedances will, 

however, remain limited in the moisture range of approximately 25%wt.-

56%wt., the entirety of the almost 900 tests available, in fact, belong to 

this range and there is no certainty that an extrapolation process will allow 

a correct estimate outside this range.  

Even using the entirety of the tests for the estimation process, it is 

considered extremely complex to derive a perfect coincidence between 

estimated and true current. In this model, in fact, some parameters are not 

considered which certainly influence the temporal evolution of the current: 
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the contact point between phase conductor and branch certainly has an 

influence on the current development [4]; the diameter and length of the 

branch certainly have an influence on the temporal duration of the contact 

formation and expulsion phases.  

These parameters are extremely difficult to integrate into the estimation 

process: the contact point is not indicated in [4], the diameter is available 

but not for all tests, and no information is available on the sample length.  

In addition to these limitations, it should be noted that the model is limited 

to the first 25s of the failure, in this time interval a certain similarity of 

current evolution can be observed between the various tests. After a time 

interval ranging from 20s to 30s for the majority of the tests the second 

phase ends, the current evolution is extremely random in the phases 

following the expulsion of moisture, and the only similarity to be found 

between the various datasets concerns the important increase in current 

due to flashover, which occurs, however, at extremely different times. In 

addition, it is possible for a THIF to evolve into an arc fault [4], so it might 

be useful to combine a model such as the one presented with a model of 

the arc-earth fault. 

Despite these limitations, the model even in the elementary form presented 

in chapters 5 and 6 can be used for the generation of useful datasets for the 

training phases of artificial intelligence-based fault detection methodologies. 

Various paths can be followed to generate data: using the Simulink 

simulation software as proposed in [6] or using the Power Factory electrical 

network simulation software (methodology used by the company that 

proposed this thesis topic). 

If an AI-based tool is to be applied for fault detection on medium-voltage 

distribution networks, it should be installed in the HV-MV transformer 

substation, and a training phase is required for its proper functioning [8] 

[9]. Datasets on the medium-voltage network that will be monitored are 

therefore required.  

To obtain these datasets, it is necessary to know the network topology and 

basic parameters (e.g. neutral status, lengths, longitudinal impedances, 
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etc.). With this information, it will be possible to construct a power factory 

model of the network; an example of such a model is provided in Fig.44. 

Once the network model has been generated, it is possible to use the fault 

analysis functions offered by the software [26]. In particular, it is possible 

to provide a fault impedance to be applied, in our case a total impedance as 

shown in Fig.39. It will be possible to change the fault point, generation-

consumption scenario, and operating topology to obtain different datasets 

from a single impedance model.  

Fig.44 Power Factory model 
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7  Conclusions and future work 
 

In this thesis work, the focus has been placed on the modernization of 

electricity grids, and in particular on artificial intelligence-based 

technologies that could bring important innovation to methods of 

monitoring, controlling, and securing the power system [2]. As proof of this, 

if we look at the market and the direction that research is taking in leading 

companies in the sector, we can see that projects using artificial 

intelligence-based tools are increasingly numerous. An example of this is 

the company "Siemens Energy", which is active in numerous projects using 

AI, such as its implementation for power plant automation [27]; "Schneider 

Electric", another world leader in the electrical engineering sector, is also 

very active in the topic, to the extent that it has created an AI-HUB 

dedicated to research and design [28].  

Even this thesis, in its own small way, bears witness to this market focus on 

the digitization of the electrical system. The subject of analyzing and 

modelling high impedance faults caused by vegetation contact with phase 

conductors (THIF) is in fact the result of a very specific request from 

“Siemens Energy”, which is active in the design of AI-based fault detection 

methodologies in medium voltage distribution networks.  

As mentioned previously (1.2), such design phases often come up against 

the lack of datasets in particular for the algorithm training phase, and the 

initial aim of this study was precisely to show how this problem can be 

curbed without resorting to expensive field experiments. The problem was 

initially approached by analyzing the THIF phenomenon using freely 

available experimental data, the main characteristics of the fault current 

were described, and it was shown how the moisture content affects the 

value of the current. 

Following this analysis phase, we proceeded with the description of the 

model created to derive the value of the current in the first 24[s] as a 

function of the humidity value; this model was then verified using the same 

experimental data used previously. Good accuracy was found, but actions 
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needed to improve accuracy were still reported. To conclude, it was 

illustrated how such a model can be used to generate datasets useful for 

the training phase of AI-based fault-detection algorithms. 

It is certainly possible to follow up on this thesis work, firstly to improve the 

accuracy of the model by differentiating it for different vegetation species 

and then to apply it in network simulation software to derive datasets. 

Another topic that is considered important to address and analyse concerns 

the correlation between environmental moisture and vegetation moisture. 

By providing an AI-based tool with meteorological data, it would then be 

possible to estimate the THIF fault current instant by instant for better 

detection accuracy.  

Staying with the THIF theme, it is necessary to develop a model for phase-

phase failure, which could occur if a branch makes contact with two phase 

conductors of a power line. Within the experimental data (Appendix 1), 

phase-phase tests are also available, so it would be possible to follow a 

similar path to that set out in Chapter 5 for the development of a two-phase 

THIF model. 

In addition to the type of faults dealt with, it would be of great benefit to 

develop models that would allow the design of AI-based detection tools for 

faults caused by the presence of salt or ice in the phase conductors of 

overhead lines.  

Special environmental conditions can lead to the formation of ice sleeves on 

the phase conductors of overhead lines, a phenomenon that is often 

overlooked and can lead to considerable damage to the electrical system by 

affecting the mechanical behaviour of the infrastructure [29]. In fact, the 

ice accumulated on the conductors due to its weight can cause the following 

problems: 

• “sagging”, the increase in weight due to the presence of ice in the 

phase conductors leads to a low-sag, additional tensile forces are 

introduced which can exceed structural limits and cause ruptures and 

thus short circuits [30]. 
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• “galloping”, is a lateral or vertical oscillation of phase conductors 

often ignited by wind. With the presence of ice, the additional weight 

can lead to structural strength limits being exceeded and cause short 

circuits [31]. 

Contamination of phase conductors with salt, also caused by environmental 

conditions, is extremely dangerous and can lead to line damage and thus 

short circuits [32]. In order to prevent such phenomena, artificial 

intelligence can be of great help. Thanks to its data-analysis capabilities, 

large amounts of data can be analysed using, for example, weather 

recordings or microwave sensors [33]. 

In addition to the design phases of AI algorithms for monitoring and 

controlling electricity grids, great attention will have to be paid to the 

installation phases of these tools. For a fault-detection methodology such as 

the one discussed in this thesis, it will certainly be necessary to assess how 

to integrate it into HV-MV transformer substations, a step that is anything 

but trivial. It is necessary, for example, to assess which communication 

network structure to use to ensure security; to modify the protection 

scheme if necessary; to develop the necessary protocols and standards. 
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Appendix 1 
 

“Powerline Bushfire Safety Program - Vegetation Conduction Ignition Test Report and Data” 

www. discover.data.vic.gov.au/dataset – Department of Environment, Land, Water  Planning – 

2016 

 

Appendix 2 
 

Script 1 – MATLAB 

This script performs current estimation for unknown impedance values. It 

begins by performing polynomial interpolation of the impedances of the 

various tests that will be used within the for loop for estimation, by 

interpolating the unknown impedance. Finally, the relationship between 

voltage (a function is used to generate a sinusoid with operator-selected 

parameters) and estimated impedance is performed to obtain the current.  

https://discover.data.vic.gov.au/dataset/powerline-bushfire-safety-program-vegetation-conduction-ignition-test-report
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Script 2 – MATLAB 

This code is used for the construction of R1(t). 
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Script 3 - MATLAB 

This script interpolates the current provided by the display script, then the 

zeros are derived to isolate the periods of interest. 
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Script 4 - MATLAB 

This script is used to visualise the data in Appendix 1 (the first 30 lines of 

code can also be downloaded from Appendix 1). The downloaded code was 

then modified for a better visualisation of the waveforms and to perform the 

voltage/current relationships to derive the impedance. 
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