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A B S T R A C T   

This work presents an analytical approach into fire-risk ranking of vegetation species during VeHIFs. One prior 
approach to such a fire risk assessment involved the consideration of the amount, size, and temperature of 
embers falling from branches. This work proposes a purely analytical methodology based on the analysis of 
average/maximum magnitudes of odd-harmonics current signatures released from species during VeHIF events. 
This analytical approach relates to the premise that emission of fault signatures is dependent on the ignition 
stages that a species experiences, while subject to a conductor-to-tree contacts. High-risk species experience 
volatile fault currents, with volatility being a sign of physical charring, subsequently leading to heightened ember 
formation. This volatility in the fault currents of high-risk species also results in higher levels of odd-harmonic 
current signatures. The temporal growth rate of odd-harmonics is the second critical factor, with elevated fire- 
risk observed in slow temporal fault current growth species. This is linked to the fact that when the fault current 
growth is slow, this elevates the fire-risk in terms of increased times for traditional over-current methods to clear 
the fault. Salix and S. Molle have been determined as the highest and lowest risk species respectively. Findings 
are compatible with observatory analysis on ember formation.   

1. Introduction 

Vegetation High Impedance Faults (VeHIFs) have impacted us 
through bush fire starts in many ways including loss of lives, physical 
injuries and psychological distress. Most academic research is heavily 
steered towards developing techniques to detect or localise faults. Sig-
nificant knowledge gaps exist in the selective conductivity and fire-risk 
assessment of vegetation species. Vegetation management is a major 
operational cost for the power distribution industry. Effective vegetation 
management strategies are critical in refining adopted practices to bal-
ance risk and cost providing customers a balance of safety and afford-
ability. This requires an increased awareness of species with high ‘fire- 
risk’ probability and high ‘un-classification’ risk probability. This could 
lead to maximum clearance standards for various species in minimizing 
the risk of fire starts or undetected phase-to-e (ph-to-e) faults in bushfire 
hazard areas. It also necessitates a better awareness of species with a 
‘low fire probability’ for their reduced clearance in better managing the 
health/appearance of trees in our urban and regional communities. 
While some species may be categorized as ‘low fire probability’, earth 
faults occurring through such species must still be detected and 

appropriately cleared. This paper fills these knowledge gaps by devel-
oping a scientific and analytical method of analysing species in terms of 
their low-order odd harmonic current signature emissions (during 
faults). Novel contributions include ranking of species in terms of their 
VeHIF induced odd-harmonic current signature magnitudes as well as 
the speed of temporal growth of these signatures. This research work 
seeks to link the ‘fire-risk’ probability rankings of the species to their 
odd-harmonic current signature emissions and temporal growth of these 
signatures. 

2. Fire probability categorization of species 

During the ‘Vegetation Conduction Ignition Testing’ project [1], vege-
tation species were classified through staged vegetation HIF tests. 
Table 1 shows the average fire probability ranking of species as given in 
[2]. In [2], risk categorisation began with an assessment of whether a 
particular test was a ‘fire producing’ or ‘not a fire producing’ test. This 
was based on the amount/size/temperature of embers that fell from the 
species, during the test, on to the test-rig floor. A ‘branch on wire’ 
(phase-to-earth) test was taken as a fire producing test if the following 
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conditions were met [2]:  

• “Embers fell to the floor of the test rig and remained glowing for at 
least a second” [2]; and  

• “If the embers were small, e.g. small leaves, ember temperature 
exceeded 350 ◦C” [2]; or  

• “If embers were large, e.g. burned twig, ember temperature exceeded 
250 ◦C” [2]. 

As shown in Table 1, Salix was given the highest fire probability in 
[2]. The average fire probability for each species was given through 
statistical analysis of 1-A limit fault tests. For example, out of the four-
teen 1-A limit phase-to-earth (ph-to-e) fault tests of the species Acacia 
Mearnsii, only eight satisfied the conditions given above, therefore 

equating to an average probability of ~57 %. For Pittosporum Undu-
latum, only one out of the fifteen valid tests was observed to meet the 
amount/size/temperature condition of the embers for a total average 
risk probability of ~7 %. 

3. Literature review 

Other literary research exists on understanding the vegetation con-
ductivity of tree-to-conductor contacts. While works in HIF detection/ 
localization are abundant, that is not the case for the species electrical 
conductivity and fire-risk comparison. In 2007, one EPRI project [3] 
investigated touch potential risks in tree-to-conductor contacts. The 
project studied voltage gradients and fault currents created, when dis-
tribution conductors came into physical contact with trees. The focus in 
[3] was on ‘characterizing electric touch potential voltages and current 
levels to which a person on the ground would be exposed’ instead of a 
comparative assessment of the fire-risk levels of species [3]. Limited 
results were still presented in [3], that shed light on two species: the Pin 
Oak (Q. Palustris) and Silver Maple (A. Saccharinum). In single contacts, 
the measured voltage (at a height of 1.5 m) was slightly higher for the 
Maple, whereas the fault current (If) through Oak was higher. A third 
species, the Austrian Pine (P. Nigra), was also tested in a follow-up 

Table 1 
Fire Probability Risk Categorization of Vegetation Species [2].  

Species Average Fire Probability 

Salix (Willow) 1 
Fraxinus Angustifolia (Desert Ash) 0.58 
Acacia Mearnsii (Black Wattle) 0.57 
Pinus Radiata (Radiata Pine) 0.55 
Eucalyptus Baxteri (Stringybark) 0.53 
Eucalyptus Viminalis (Manna Gum) 0.50 
Acacia Melanoxylon (Blackwood) 0.23 
Cotoneaster Glaucophyllus (Cotoneaster) 0.21 
Acacia Pycnantha (Golden Wattle) 0.10 
Pittosporum Undulatum (Native Daphne) 0.07 
Allocasuarina Verticillata (Drooping Sheoak) 0.05 
Schinus Molle (Peppercorn) 0.00  

Fig. 1. Test rig and measurement system.  

Fig. 2. First row: LF current during a VeHIF. Second row: If at the 11 s (1 s into 
the fault). Third row: If at the 48 s (38 s into the fault). Fourth row: Spectral 
comparison of the harmonics at 11 s and 48 s with 50-Hz filtered. 
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project [4] in 2008. The focus was still on measuring If levels and voltage 
gradients along the fault pathway from point of contact to earth. In 
terms of the average maximum If (averaged using three test results in 
[4]), the species ranked high to low as the Oak (96 mA), Pine (69 mA), 
and Maple (24 mA). 

Characterization of the physical/electrical phenomena related to 
vegetation contacts on distribution conductors was previously presented 
in [5]. In [5], authors suggest that progressive charring (carbonization) 
is key to establishing a low-current path and they also state that fault 
current increases in an non-uniform manner as charring increases. The 
transition from a fault current (If) of few amperes to a high-current 
condition was argued to occur very suddenly when the carbonized 
path is complete [5]. Further HIF experimental tests were given in [6] on 
detecting a specific case of HIF caused by white stork nests. They were 
argued to produce faults similar to trees, when parts of the nest cause 
electrical contact between the conductor and the earthed steel tower. In 
[7], the authors discussed staged fault testing for HIF data collection on 
a range of surfaces including concrete, gravel, asphalt, and a tree. In the 
conducted freshly cut Pine tree experiment, the tree was observed to 
sustain the fault for 13 min without blowing the fuse, after which the test 
was concluded [7]. Hou discussed staged HIF tests in [8] where the 
voltage and current signals were recorded both at the substation and test 

site on ground surfaces including concrete blocks, grassy earth, asphalt 
and tree limbs. Just like many other works in the field [9–12] which 
either focus on HIF detection or localisation, the discussion in [8] also 
revolved around a new HIF algorithm with an IIR limiting average and 
adaptive tuning. As shown from this sift of literary works, research into 
comparative risk-evaluation of species is indeed scarce. 

Vegetation High Impedance Faults (VeHIFs) detection using low 
order odd-harmonic indicators have frequently been proposed in the 
literature [13]. These often include statistical, frequency-domain, fuzzy 
logic and Artificial Intelligence (AI) based analysis of magnitudes and 
phase angles of harmonic combinations such as the third, fifth, and 
second harmonics [14,15]. The study [16] by Jeerings and Linders, 
focusing on the phase angle relationship between the current’s third- 
harmonic and the voltage reference, was pioneering in leading the 
path for preceding works. Wang et al. cautioned in [17] that the orders, 
magnitudes and phase angles of harmonics may be different under 
different HIF parameters [17]. 

4. Research aims and originality 

This work performs fire-probability risk assessment of species using 
an analytical bases by examining fault currents recorded for the various 

Fig. 3. Fault current (If) development in the high fire risk species of Salix Sp. First row: the sampled If. Second-row: If-rms. Third-row: dIf-rms/dt. (VT297).  
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species. It aims to fill the knowledge gap in regards to comparison of 
species in terms of their Low-Frequency (LF) odd-harmonic emissions. A 
key contribution is the analysis of harmonic based indicators, their 
magnitudes, and rate of growth in various species during VeHIFs. 
Marxsen argues in [2] that detecting earth faults in two seconds of the 
fault current reaching 0.5-A can result in a tenfold fire-risk reduction. 
Hence, it is not sufficient to detect VeHIF faults, but to clear them 
quickly to minimize the fire-risk. This work also sheds light on the po-
tential speed of detection possible (through temporal growth compari-
son of odd-harmonics) in several species. A dataset of 156 ph-to-e 
‘branch touching wire’ 1-Arms limit VeHIF faults will be used in this 
scientific analysis. In [2], the rules were applied by reviewing infrared 
videos produced by a thermal camera, which had the capability to locate 
the hottest points in the images and show their temperatures in the top- 
left corner of the screen. While not explicitly stated in [2], the review of 
the infrared videos appears to have been a manual process and un- 
automated (i.e. no AI-based image processing was used). The analysis 
herein differs from [2] in that authors use a scientific method of ana-
lysing species in terms of emissions of low-order odd harmonic current 
signatures from these species. Our findings will be compared to the 
species rankings in [2] to contrast outcomes to the ember formation 
based methodology in [2]. Target harmonic signatures include the third 
(hrm3), fifth (hrm5), seventh (hrm7), ninth (hrm9), eleventh (hrm11), 
thirteenth (hrm13), and fifteenth harmonics. In referring to all odd- 
harmonics, we will use the nomenclature hrmall. This work addresses 
the following research questions:  

(i) What are the differences in the odd harmonic current signatures 
of high fire-risk and low fire-risk species?  

(ii) Can we develop a risk score of species by solely examining their 
odd-harmonic current signatures? Would such an analysis be 
compatible with that given in [2]?  

(iii) Is there a link between conductivity of a species and the amount 
of odd harmonic current signatures it generates? What about a 
link between ember formation during the ignition of a species and 
the odd-harmonic current signatures it generates?  

(iv) On which species would the odd-harmonic signatures grow the 
fastest and slowest? On which species would faults be harder to 
detect using non-traditional Over-Current (OC) based methods?  

(v) Is there a link between the ‘fire-risk’ ranking of a species and its 
‘un-classification’ risk using novel methods? 

At the core of our scientific methodology lies the analysis of the 
frequency-domain Fast Fourier Transform (FFT) magnitudes of the first 
seven odd-harmonic current signatures (VeHIF induced) using 20-ms 
sweeps repeating the computation once a second. The FFT data will 
later be analysed, averaged, or cumulatively summed to develop metrics 
and to reach certain conclusions on the research questions raised above. 
The same will be used for the temporal growth speed analysis with each 
sweep equating to a second. The work herein differs from other com-
parable works in that low order odd-harmonic indicators will be used for 
the electrical conductivity and fire-risk analysis of species, rather than in 
proposing a new protection method. This work does not propose a VeHIF 
detection method, but primarily an analytical evaluation of vegetation 
species fire-probability risk ratings. Implementation of an odd- 
harmonics based HIF detection scheme is outside the scope of this work. 

5. Methodology and ignition stage analysis 

The validation dataset is from staged VeHIF tests performed for the 
‘Vegetation Conduction Ignition Testing’ project in 2015 [2]. The project 
focused on sampling and testing of diverse vegetation species in staged 
HIFs in a test rig (see Fig. 1). Phase-to-earth (ph-to-e) fault tests involved 
a tree branch laid across two conductors, one energized with the 12.7 kV 
phase voltage and the other earthed. The Low Frequency (LF) channel 
(DC to 50 kHz) sampled the fault current continuously with a 100 kSa/s 
sampling rate. In all analyzed tests, the pre-set fault current threshold 
varied from 0.5 Amps to 4 Amps (through the use of a current limiting 
resistor). Each experiment was terminated by removing the HV supply to 
the energized conductor, once the threshold value was reached. The 
primary voltage transducer was a 1.1-nF rated 24-kV working voltage 
Coupling Capacitor (CC). Using one 11-m coaxial cable, the CC was 
connected to a Capacitive Voltage Divider (CVD) with a voltage ratio of 
2000:1 at 50 Hz. 

The LF current was recorded with the test terminated upon the fault 
current (If) reaching the set current limit: 1 Arms as in the example of 
Fig. 2 for the test labelled as VT301. Comparing the If plot at the 11 s (1 s 
into the fault relative to the fault start time at 10 s) with the 48 s (38 s 
into the fault) plot in Fig. 2, a significant uplift in the LF spectrum can be 
observed (including major growth in harmonics) when arcing is more 
aggressive in the 48 s. 

Fig. 3 shows the LF recording during a ph-to-e VeHIF test (Salix Sp.) 
labelled as VT297. The test was terminated after If reached 1 Arms. 
Various stages of ignition development [2] can be identified for VeHIFs. 
These stages are the contact development (Stage 1), moisture expulsion 
(Stage 2), and progressive charring (Stage 3) [2]. As in Fig. 3, Stage 1 is 
dominated by a progressive increase in the plasma until If reaches its 
first maximum. In Stage 2, If falls due to the expulsion of the moisture 
which dries out the species leading to its resistance to increase. Finally, 
in Stage 3, charring begins accompanied by breakout of flames. During 
charring (see Fig. 3), arcs appear in the flame causing If volatility. If 
volatility (a sign of charring) peaks around the first local minimum (after 
the first maximum) [18]. One key conclusion in [2] was that when a 
species undergoes a high degree of charring, ignition at height is more 
likely to result in embers with the size and temperature conditions for 
fire ignition at ground level. Fig. 4 shows a Stage 1 only fault (VT347) for 
the low fire risk species of Schinus Molle. 

During VT347 (see Fig. 4), sparks were formed at the contact points, 
but flames did not break out and there was little ember formation. It is 
likely that If would have grown larger in a real life setting and finally 
detected by overcurrent protection elements. The test was interrupted 
after 12 s, as If reached the set threshold. Fig. 5 shows another Stage-1 
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only If development during VT343, a test of the same low risk species of 
S. Molle. As in Fig. 5, If is slightly more volatile, but still increases 
rapidly. Fig. 6 shows the physical ignition state of the branch during the 
test. The sparks were formed at/nearby contact points, but they failed to 
turn into flames and the branch did not really catch fire. More embers 
were released from the branch in VT343 (as compared to VT347), but 
these extinguished almost instantly upon hitting the ground. A key 

characteristic separating high bushfire risk species from a low risk spe-
cies is therefore the stages of ignition that it goes through. In the specific 
example of Fig. 6, the shown branch is not very leafy. During the project 
[1], close to one thousand tests were performed using vegetation sam-
ples of various moisture, conductivity, branch diameter/size, and leaf-
iness conditions [2]. In this work, authors use 156 of these tests 
capturing a broad spectrum of influencing factors such that research 
findings can be generalized. 

6. Voltage–current characteristic comparison of species as per 
the fire probability risk 

Intermittent arcs of varying widths often escort VeHIF currents [19]. 
In [20], a method was presented for identifying the If arcing level. This 
method was further adapted herein for estimating the number of sam-
ples in each 20 ms window recording where If will be in its − 0.02 × |If- 
max| < If < 0.02 × |If-max| range. The objective is to show the correlation 
between arcing and fire-probability risk. Fig. 7 contrasts the time-based 
arching levels in four tests using the lowest risk (S. Molle) and highest 
risk (Salix) species. As in Fig. 7, tests of the highest-risk species of Salix 
experience much higher levels of arcing, when compared to those of the 
S. Molle. Fig. 8 shows the arcing level in If at various 20-ms window time 
spaced intervals (signposted on the top LF current graph) during VT297. 
All waveforms are in p. u. using the base values of 2.27 A and 17.3 kV. As 
in Fig. 8, arcing is intermittent with fluctuating levels due to conduction 

Fig. 5. Fault current development in the low fire risk species of S. Molle. First-row: the sampled If. Second-row: If-rms. Third-row: dIf-rms/dt. (VT343).  

Fig. 6. Physical state of the branch during a fault of the low fire risk species of 
S. Molle (VT343). Charring is seen at/nearby the contact points. The charring 
does not get sustained as breakout of flames and the branch does not catch fire. 
Embers are formed and released, but these extinguish almost instantaneously 
upon hitting the ground. Image from [1]. 
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through a non-linear impedance. When arcing occurs, it extinguishes 
near the zero-crossings due to inadequate voltage levels for sustaining 
the discharge. It reignites once voltage recovers to a level where the 
discharge can be sustained again. Fig. 8 also highlights the changes 
occurring in the voltage-current (V-I) characteristic of the VeHIF fault 
current as arcing increases from fault start to end. At 8 s, when the arcing 
level is low, there is almost a linear relationship between the fault cur-
rent and voltage. As fault progresses with an increase in arcing, the V-I 
relationship starts to resemble a skewed figure-eight with widening 
loops. This is in line with results previously reported in the literature 
particularly with the V-I characteristic in [21], while this gradual shift in 
the V-I characteristic (due to increasing arcing) from an almost linear 
line to the skewed ecliptic figure-eight pattern is being first reported 
here in this transparency. Fig. 9 compares the V-I characteristic of four 
tests of two species using their over-fault sampled voltage and current 
datasets. 

In the academic literature, researchers [14,21–23] have reported 
similar V-I characteristics under different HIF contact medium condi-
tions and settings (lab/field tests), but none have previously explicitly 
validated the impact of arcing level on V-I characteristic. As in Fig. 9, the 
skewed figure-eight loops are visually visible for the tests associated 
with the high-risk Salix species, whereas skewed triangular shaped V-I 
characteristic was formed (by the full test duration dataset) in the case of 
the low-risk S. Molle species. This is yet another key contribution to 
knowledge herein as the impact of the species type, as the contact me-
dium, on the arcing level and linked V-I characteristic is first being re-
ported herein in this clarity. 

7. Contrast of high & low bushfire risk species 

This section compares the Salix and S. Molle species in terms of their 

LF signatures (150 Hz–750 Hz). In doing the analysis, the running FFT 
magnitudes (linear scale) of odd-harmonics were determined using 20- 
ms window-size FFT computations repeated every second. Fig. 10 
shows the analysis for VT291, a 1 Arms limit test of Salix Sp. (Willow) 
lasting ~36 s. An interesting observation is that Harmonics 3, 5, 11, and 
15 only reached their maximum signature levels when the test was 
concluded. For Harmonics 7, 9, and 13, the harmonic maximum 
occurred before the test ended, with Harmonic 13 reaching its maximum 
only 8 s into the fault. Fig. 11 shows the same analysis for VT343, a 1 
Arms limit ph-to-e test of the Schinus Molle (Peppercorn) species lasting 
only ~23 s. As in Fig. 11, the overall harmonic signatures are lower in 
magnitude during the 23 s duration S. Molle fault (as compared to 
Fig. 10 of Salix Sp.). They also all grew to their maxima only at the fault 
end. This shows that fault-signature emission depends on the species and 
particularly on the ignition stages a species experiences, after a 
conductor contact. Table 2 shows the average and max values of the 
harmonics during VT291 as well as their Standard Deviation (STD). As 
illustrated, both the signature magnitude and volatility decreases with 
an increasing harmonic order. The same analysis is given in Table 3 for 
the VT343 fault. As shown, the Harmonic magnitudes and their vola-
tility are smaller in the case of the low-risk S. Molle. Besides the signa-
ture magnitudes being lower, all harmonic maximums were reached 
only at the end of the fault. This suggests that an earth fault involving the 
S. Molle species may be harder to detect (using harmonic signatures) 
given their low-magnitude and slow temporal growth. 

Tables 4–6 contrast the average/max harmonic magnitudes and their 
STDs for both species. For Salix, the If limit was reached 36 s into the 
fault, whereas it only took 23 s for the same limit to be reached in the 
case of S. Molle. This supports the fact that S. Molle potentially presents 
a smaller fault impedance to the line better conducting the fundamental 
frequency. While If through the S. Molle is likely to grow larger faster, 

Fig. 7. Temporal arcing variation in the fault currents of four tests.  
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Fig. 8. Analysis of arcing levels in the fault current at various time stamps.  
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Fig. 9. Voltage–current characteristic of four fault recordings of two species.  
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Fig. 10. LF current and odd-harmonics’ FFT magnitudes. First row: If sampled at 100 kSa/s. Rows 2 to 7: The odd-harmonic FFT magnitudes calculated once a second 
using 20-ms FFT window. (VT291; Salix Sp.). 
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Fig. 11. If and odd-harmonics FFT magnitudes. First row: If sampled at 100 kSa/s. Rows 2 to 7: Odd-harmonic FFT magnitudes calculated once a second using a 20- 
ms FFT window (VT343 – S. Molle). 

C. Ozansoy and O.A. Sianaki                                                                                                                                                                                                                



International Journal of Electrical Power and Energy Systems 157 (2024) 109804

11

this analysis shows that it is also the species, which is less likely to be 
detected through an inspection of the odd-harmonics. S. Molle was 
ranked as a low fire risk species due to its small amount of ember for-
mation and the fact that forming sparks extinguished quickly. Findings 
in this section highlight that in species where carbonization does not 
take place, it is less likely to observe odd-harmonic fault signatures. A 
conclusion that can be drawn here is that S. Molle conducts the 50-Hz 

fundamental better than Salix with less charring resulting in less har-
monic signature formation. While this presents a lower fire-risk in terms 
of emitted embers, it makes it more challenging to detect/clear faults of 
the S. Molle species using odd-harmonics based methods. The fast 
exponential growth of If in the S. Molle species may result in classifi-
cation by OC methods. While S. Molle was categorized as a low-risk 
species within the project limitations [1], it may still pose risks to the 
public. 

As If was not permitted to grow beyond the set limits (in any test) [1], 
it is not possible to quantify how much further If would have grown in a 
low risk species such as S. Molle, or whether the branch would have 
finally experienced sustained charring, after being exposed to high 
currents over long periods. Marxsen made a point in [2] that ‘species 
with faster If development tend to have lower fire-risk because the fault 
reaches the detection threshold of protection systems before ember 
production fully develops’. In line with this argument in [2], an 
assumption herein is that faults in such low fire-risk species would be 
eventually detected by traditional protection methods. 

While S. Molle was categorized as a low-risk species within the 
project limitations [1], it may still pose risks to the public. Marxsen 
made a point in [2] that ‘species with faster If development tend to have 
lower fire-risk because the fault reaches the detection threshold of 
protection systems before ember production fully develops’. In line with 
this argument in [2], an assumption herein is that faults in such low fire- 
risk species would be eventually detected by traditional protection 
methods. 

8. Contrast of VeHIFs & other disturbances 

The objective herein is to present an electrical conductivity and fire- 
risk analysis of species using odd-harmonic indicators. While authors do 
not propose a VeHIF detection method (within the scope of this paper) 
on the basis of odd-harmonic indicators, it is still critical to understand 
the efficacy of harmonic indicators in truly discriminating the charac-
teristics of VeHIFs as compared to other disturbances. Harmonics could 
appear during other disturbances including capacitor bank and Asyn-
chronous Machine (AsM) switching or starting a Variable-Speed Drive 
(VSD) controlled motor. It is critical to distinguish such disturbances 
from VeHIFs. In this section, authors present the method of harmonic 
temporal growth analysis for these three disturbances. In simulating the 
transient currents during the switching of a capacitor bank, a 600-kVAr 
3-phase capacitor bank was modelled in a 5-bus radial 22-kV feeder. For 
the AsM, a 10-HP squirrel-cage induction machine was connected to the 
22-kV feeder through a step-down transformer. The third modelled 
disturbance is a low voltage VSD controlled AC motor also connected to 
the feeder via a step-down transformer. In the temporal harmonic 
growth analysis, 20-ms sweeps (one per every 0.1 s) were used. In all 
three cases, switching occurs at the 0.5 s. Fig. 12 shows the analysis due 
to switching of the capacitor bank. As shown in Fig. 12, there is a sudden 
surge in all harmonic indicators post switching of the capacitor. How-
ever, these stabilise after the first sweep. A similar observation can be 
seen in the case of the AsM (see Fig. 13). For the VSD controlled motor 
(see Fig. 14), this stabilisation of the odd harmonic indicators lasts 
slightly longer (~1.4 s), but it still cannot replicate the unstable HIF 
current behaviour. In comparing the disturbances (presented in Figs. 12 
to 14) to HIF currents, some key differences are observed. First of all, the 
odd-harmonics during the capacitor bank switching are very large in 
magnitude, while odd-harmonics during a VSD or AsM are more com-
parable in magnitude to those emitted during VeHIFs. However, the key 
difference is that VeHIF current odd harmonic signatures are long last-
ing, unstable and very random. In the case of the analysed disturbances, 
disturbance signatures are short-lived and instant with the core of the 
harmonic signatures being present only during the first few initial ms of 
switching. These disturbances can certainly cause LF signatures, but 
their short-lived nature is the key to discriminating them from VeHIFs. 

Table 2 
Max, Average and STD of, Odd-Harmonics Currents (VT291; Salix Sp.).  

f (Hz) Max (A) Average (A) STD (A) 

150 Hz: 3rd  0.3612  0.0847  0.0706 
250 Hz: 5th  0.0701  0.0344  0.0164 
350 Hz: 7th  0.0251  0.0122  0.0056 
450 Hz: 9th  0.0168  0.0057  0.0039 
550 Hz: 11th  0.0142  0.0043  0.0037 
650 Hz: 13th  0.0062  0.0020  0.0014 
750 Hz: 15th  0.0066  0.0016  0.0012  

Table 3 
Max, Average and STD of, Odd-Harmonics Currents (VT343; Schinus Molle).  

f (Hz) Max (A) Average (A) STD (A) 

150 Hz: 3rd  0.0512  0.0149  0.0121 
250 Hz: 5th  0.0239  0.0076  0.0050 
350 Hz: 7th  0.0180  0.0058  0.0041 
450 Hz: 9th  0.0084  0.0018  0.0020 
550 Hz: 11th  0.0055  0.0014  0.0012 
650 Hz: 13th  0.0053  0.0013  0.0013 
750 Hz: 15th  0.0020  0.0006  0.0004  

Table 4 
Max odd-harmonic currents of the Salix Sp. and S. Molle Species.  

Harmonic # Salix Sp (Amps) S. Molle (Amps) 

Harmonic 3  0.3612  0.0512 
Harmonic 5  0.0701  0.0239 
Harmonic 7  0.0251  0.0180 
Harmonic 9  0.0168  0.0084 
Harmonic 11  0.0142  0.0055 
Harmonic 13  0.0062  0.0053 
Harmonic 15  0.0066  0.0020  

Table 5 
Average odd-harmonic currents of the Salix Sp. and S. Molle Species.  

Harmonic # Salix Sp (Amps) S. Molle (Amps) 

Harmonic 3  0.0847  0.0149 
Harmonic 5  0.0344  0.0076 
Harmonic 7  0.0122  0.0058 
Harmonic 9  0.0057  0.0018 
Harmonic 11  0.0043  0.0014 
Harmonic 13  0.0020  0.0013 
Harmonic 15  0.0016  0.0006  

Table 6 
STDs of odd-harmonic contributions of Salix Sp. and S. Molle Species.  

Harmonic # Salix Sp (Amps) S. Molle (Amps) 

Harmonic 3  0.071 0.012 
Harmonic 5  0.016 0.05 
Harmonic 7  0.006 0.004 
Harmonic 9  0.004 0.002 
Harmonic 11  0.004 0.001 
Harmonic 13  0.001 0.001 
Harmonic 15  0.001 0  
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Fig. 12. Harmonic signatures during a capacitor bank switching.  
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Fig. 13. Harmonic signatures during asynchronous machine switching.  
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9. ‘Big data’ analysis on the temporal averages 

Generalizing research findings is not possible by analysing only two 
fault recordings. Accordingly, this section presents a big data analysis on 
the fault current odd-harmonic signature magnitude comparison of the 
eleven analysed species. In undertaking this analysis, 156 1-Arms limit 
fault recordings were used composing the species and test quantities 
shown in Table 7. The number of tests under each species category is not 
the same, as authors attempted to base the results and findings on as 
many tests as possible within limitations of the available database (i.e. 
the overall test numbers were not necessarily the same for each species). 

Fig. 15 shows the mean and STD analysis of all odd-harmonics using 
60 sweeps from all recordings. The tests were of different durations, but 
all tests had at least 60 sweeps. Therefore, this analysed served to 
determine the dominant harmonics using 60 sweeps from each test, 
common to all fault recordings. This was undertaken to remove the bias 
of longer duration tests. As in Fig. 15, hrm3 is the most dominant har-
monic with the highest average magnitude as well as volatility. Table 8 
shows the case when all of the sweeps (from all tests) were analysed. In 
undertaking this ‘big-data’ analysis, all temporal odd-harmonic magni-
tudes were first averaged across the over-fault of each test, and then the 

over-fault odd-harmonic averages of the tests were used for calculating 
the overall means for the entire dataset. Harmonic-3 is still the leading 
indicator with the highest mean value and STD. 

Fig. 16 compares the average hrm3 magnitudes of all species. The 
mean hrm3 current magnitude of each test was first computed (per test) 
over the entire fault duration and these per-test means were later further 
averaged for the entire test group of each species. The data points are the 
FFT magnitudes of odd harmonic current signatures in 20-ms sweeps as 
per Section 6. For example, in the case of VT343 of Fig. 11, the overall 
hrm3 current magnitude mean was ~10 mA over the fault duration. 
From this point onwards, the term ‘over-fault’ will be used to signify 
statistical quantities measured using the data points from fault start to 
fault end. When the over-fault hrm3 magnitude averages of all seven 
tests (of the S. Molle species) were averaged, this equated to 5.2 mA. As 
in Fig. 16, S. Molle was the species with the smallest average hrm3 
emissions. While Schinus. Molle was the species with the smallest fire 
risk as identified in [2] (on the basis of analysis of the emitted embers), it 
is also the species with the least hrm3 signature emissions. Based on this 
finding, S. Molle is concluded as the species with the best electrical 
conductivity. 

In contrast, Salix (Willow), with the highest fire-risk, is the species 
with the largest hrm3 emissions. Faults involving this species more likely 
to be cleared using odd-harmonics signatures. The average over-fault 
hrm3 contribution of the Salix was 9.4 times that of the S. Molle. 
There clearly appears to be a link between the physical ignition pro-
cesses that a species experiences during a conductor contact and the 
emitted harmonic signatures. Authors developed the ‘un-classification’ 
risk index, inversely proportional to the average hrm3. This index rep-
resents un-classification odds of species using only odd-harmonic con-
tent variation. As in Table 9, Salix has the lowest ‘un-classification’ risk 
of 0.0204, while S. Molle has the highest ‘un-classification’ risk of 
0.1923. As discussed earlier, low fire-risk species would still have higher 
odds of detection using traditional OC methods as the fault current 
would increase faster in vegetation contact faults involving these spe-
cies. Subsequently, the un-classification risk index herein only refers to 
harmonic content based classification. 

Fig. 17 shows the comparison of all ‘odd-harmonic’ magnitude av-
erages. Two metrics are being used for the ‘un-classification’ risk 
assessment. First is the hrm3 averages, as the highest magnitude odd- 
harmonic, and the second is the average of the hrmall cumulative 
total. Based on this hrmall analysis, a second ‘un-classification’ risk index 
has been developed by the authors, still inversely proportional to the 
average of the cumulative totals of all odd-harmonic current magni-
tudes. Table 10 shows this second un-classification risk indexation, 
where there is little change in the order. With the hrm3 based risk 
indexation, there was a 9.42 ratio between the risk indexes of the S. 
Molle and Salix. In the case of the hrmall based indexation, the ratio 
between Salix and S. Molle decreases to 5.64 signifying that hrm3 is 
indeed very dominant in high fire-probability species such as the Salix. 

In the hrm3 only risk indexation, the ratio between the un- 
classification indexes of two most risky species, the Salix and F. 
Angustifolia, is ~4. This ratio declines to ~3 in the case of the hrmall 
based indexation. When A. Verticillata and S. Molle (Peppercorn) are 
analysed as the two lowest risk species, one can see that the ratio be-
tween their un-classification indexes is 1.21 in the case of the hrm3 only 
indexation, and 1.4 for the hrmall based analysis. While S. Molle has the 
highest un-classification index based on its lower magnitude odd- 
harmonic signatures, it will later be shown that it is also the species 
with the fastest fault current (If) development. Yet, while the S. Molle 
species has the highest harmonics based un-classification risk, it is also 
the species with the highest and fastest detection odds using old- 
fashioned OC protection systems. In this section, authors have pre-
sented an analysis based on over-fault averages. In the following sec-
tions, the focus is on the temporal growth of the indicators. This analysis 
seeks to understand the growth rates in different species such that fast 
and slow harmonic growth species can be identified. 

Fig. 14. Harmonic signatures during VSD controlled motor switching.  

Table 7 
Number of tests analysed for each species.  

Species # of Tests Species # of Tests 

A. Meansiee 14 Eu Viminalis 13 
A. Melanoxylon 13 F. Angustifolia 12 
A. Pycnantha 10 P. Undulatum 15 
A. Verticillata 20 Pinus Radiate 11 
C. Glaucophyllus 14 S. Molle 7 
Eu. Baxteri 19 Salix Sp 8  
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10. ‘Big data’ analysis on temporal data points 

Figs. 18 and 19 show the distribution of odd harmonic current sig-
natures. Data points are the magnitudes of odd harmonics in a data point 
per second procedure. In the former analysis, the focus was on the over- 
fault averages. This section analyses the entire data from all sweeps. Box 
plots are used in statistical analysis to visualize the dataset distribution. 
They succinctly illustrate central tendency, spread, skewness, outliers, 
and overall distribution. In this context, a box plot helps visualize the 
distribution of hrm3 and ‘harmonic averages’ across different species. 
This supplements statistical tests by highlighting means, medians, 
spread, and outliers per species. In our analytics explained in Fig. 18, the 
species with the higher median hrm3 values and more outliers, 

Fig. 15. Comparison of average odd-harmonic currents and their volatility using 60 sweeps from each test.  

Table 8 
Comparison of odd-harmonic magnitude averages and STD calculated using full 
durations of each test.  

Harmonic # Mean STD 

Harmonic 3  0.028191  0.018590 
Harmonic 5  0.014015  0.006769 
Harmonic 7  0.007126  0.002776 
Harmonic 9  0.002859  0.001332 
Harmonic 11  0.001907  0.000999 
Harmonic 13  0.001392  0.000563 
Harmonic 15  0.000990  0.000466  
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particularly Salix Sp., are likely to pose a higher fire-risk, given their 
higher and more variable hrm3 signatures. Species with lower and less 
variable hrm3 values (e.g. F. Angustifolia) could pose lower-ignition risk 
in terms of charring potential and emission of embers. F. Angustifolia 
was the species with the second highest average fire risk in [2]. On the 
basis of its hrm3 emissions based analysis alone, it presents a lower risk. 
There is a clear link between the harmonics signature magnitudes and 
the extent of volatility (a sign of charring) that a branch experiences. 
However, it may not be the only link. This discrepancy between the high 
fire-risk rating of F. Angustifolia in [2] and the lower risk determined 
herein (on the basis of harmonic emission magnitudes alone) have 
prompted us to consider other factors (such as the If growth rate) as well. 
That analysis will be presented in Section 10. 

The hrm3 appears to be a proxy for the carbonization potential of 
each species, and this characteristic, in turn, can be linked to the sub-
sequent bushfire risk that a species presents. For instance, Salix has the 
highest median hrm3, suggesting it consistently experienced more 
carbonization than the other species. The large number of outliers for 
Salix suggests that there might be individual samples with significantly 
higher levels of harmonic emissions. The whisker below the box suggests 
a broad range of lower harmonic emissions as well, indicating a signif-
icant variability in this species. Then, Salix is a species of concern in 
conductor-to-tree contacts. Eu. Baxteri also shows a high maximum 
hrm3 value, before the upper fence, indicating that there were several 
instances, where it experienced high harmonic signature emission due to 
the ignition development processes. This suggests a high VeHIF risk in 

these species, although the median is lower than that of the Salix, 
indicating that on average, this species might pose less risk. 

Species such as A. Mearnsii, Eu. Viminalis, P. Radiata show many 
outliers above the upper extreme line. This implies that while the ma-
jority of samples from these species pose relatively low or moderate risk, 
they have several instances with significantly high harmonic emissions. 
And hence, they may pose an intermittent, but notable bushfire risk. F. 
Angustifolia has the smallest box, which indicates less variability in its 
harmonic signatures. It also has the lowest maximum value before the 
upper fence, resulting in hrm3 emissions consistently lower than other 
species. This species, therefore, might be least likely among those tested 
to cause ember formation during a VeHIF. Key statistical measures 
including the mean, STD, skewness, kurtosis, and maximum values of 
these signatures have been computed for each species. The species Salix 
Sp. exhibits the highest mean odd harmonic current signature across all 
harmonic indices from hrm3 to hrm15. This suggests a consistent pres-
ence of heightened harmonic levels for this species. Contrarily, S. Molle 
registers the lowest mean values across the majority of harmonic 
indices, indicating relatively lower levels of harmonic signals in 
comparison. 

Variability in the harmonic signatures is revealed through the STD 
values. Both Salix Sp. and A. Mearnsii present high STDs, reflecting a 
broad dispersion of harmonic indices and implying a higher degree of 
variability in their harmonic signals. Conversely, the S. Molle and A. 
Verticillata species present lower STDs. This is indicative of tighter 
clustering of harmonic indices around the mean and hence, a higher 
level of consistency in their harmonic signals. Skewness, which mea-
sures the asymmetry of the distribution, divulges interesting insights. 
Both A. Verticillata and F. Angustifolia exhibit high skewness in most 
harmonics, with heavily skewed and asymmetric distributions. In 
contrast, Salix, A. Pycnantha, and Eu. Baxteri manifest less skewness, 
implying their harmonic distributions are more symmetrically 
dispersed. A. Verticillata and F. Angustifolia further stand out with their 
very high kurtosis values, suggestive of a sharp-peaked and leptokurtic 
distribution with more outliers or extreme values. Meanwhile, Salix and 
C. Glaucophyllus display lower kurtosis values, indicating a more pla-
tykurtic or normal distribution with fewer outliers. Fig. 19 compares 
hrmall averages of all sweeps (from all tests) of particular species. For 
example, for F. Angustifolia, 1853 sweeps from 12 tests were used. 

The max values provide insights into the harmonics’ extremes. F. 
Angustifolia and A. Mearnsii have the highest max values in most har-
monic indices, denoting the presence of relatively high harmonic ex-
tremes. The harmonic current analysis highlights significant disparities 
among the various plant species. Salix typically exhibits the strongest 
harmonic signals with the highest mean and max harmonic indices. In 
contrast, S. Molle generally displays weaker harmonic signals with the 
lowest harmonic indices. These discrepancies could be attributed to the 
biological or structural variances among the species, providing a po-
tential basis for species identification or classification. These findings 
underscore relevance of electrical studies in elucidating the unique 
characteristics of different species through the analysis of harmonic 
signatures. Our comprehensive analysis encompassed several statistical 
computations for the harmonic indices of each plant species. These are 
the skewness, mean, STD, kurtosis, min and max values are in Fig. 20. 
These measures, each calculated individually for each harmonic index of 
each species, offered a nuanced understanding of the unique harmonic 
signatures of the investigated species. For instance, skewness quantified 
the asymmetry extent and direction in the probability distribution of the 
harmonic indices. The mean values indicated the central tendency, and 
the STD portrayed the dispersion (variability) around the mean. More-
over, the max and min values provided the range of these harmonic 
indices. The intricate interplay of these statistical measures collectively 
offered an understanding of the harmonic current signatures’ behavior 
within and across different species. A detailed representation of these 
computations for each species for the hrmall averages is visually pre-
sented in Fig. 20. Table 11 compares the average fire-risk in [2] against 

Fig. 16. Comparison of average harmonic-3 current in all species.  

Table 9 
Harmonic 3 magnitude based un-classification risk indexation.  

Species Risk Index 1 

Salix (Willow)  0.0204 
Fraxinus Angustifolia (Desert Ash)  0.0813 
Acacia Mearnsii (Black Wattle)  0.0328 
Pinus Radiata (Radiata Pine)  0.0581 
Eucalyptus Baxteri (Stringybark)  0.0347 
Eucalyptus Viminalis (Manna Gum)  0.0397 
Acacia Melanoxylon (Blackwood)  0.0901 
Cotoneaster Glaucophyllus (Cotoneaster)  0.0538 
Acacia Pycnantha (Golden Wattle)  0.0606 
Pittosporum Undulatum (Native Daphne)  0.1429 
Allocasuarina Verticillata (Drooping Sheoak)  0.1587 
Schinus Molle (Peppercorn)  0.1923  
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the risk assessment based on the computational method herein. In [2], 
the ‘fire probability ranking’ was an outcome of the size, temperature, 
and amount of embers as well as how long they kept glowing. The rules 
were applied by reviewing infrared videos produced by a thermal 
camera, which was focused on the test rig floor [2]. The intent herein 
has been to perform a similar assessment based on the analysis of odd- 
harmonic signatures emitted from the species. Our hypothesis is that 
high fire-risk species are poorer conductors of electricity and emit larger 
amounts of odd-harmonic signatures, when exposed to ph-to-e 
conductor contacts. 

It also follows that lower fire-risk species are better electricity con-
ductors, and thus emit less signatures, when exposure to the same HIFs. 
The computational method described herein relies on assessment of the 
over-fault (i.e. over the full duration of a test) odd-harmonic current 
magnitudes. For example, Table 11 ranks the species in terms of their 
mean odd-harmonics averages. This is calculated by estimating the 
average of the over-fault harmonic indices (hrm3 to hrm15) of each test 
of a particular species. Then, a cumulative sum of the indices is taken to 
calculate the overall mean odd-harmonics average. The fire probability 
rank percentages are then calculated by normalizing the mean odd- 
harmonics averages by that of the Salix (which has the highest odd- 
harmonic average). As shown in Table 11, there are similarities in the 

rankings of the two methods, especially for the highest risk and the 
lowest risk bands. The highest risk species, Salix, is common in both 
rankings. The lowest risk species (P. Undulatum, A. Verticillata, and S. 
Molle) are also the same in both rankings. There are some ranking dif-
ferences in the mid-tier species. This may perhaps be attributed to the 
human errors in the manual visual analysis of the infrared videos pro-
duced by the thermal camera in [2], or perhaps to the consideration of 
only the mean odd-harmonics averages herein. For example, when the 
species were ranked herein on the basis of the multiplicand of their mean 
and maximum odd-harmonics averages, an improvement in the ranking 
of the mid-tier species can be seen (see Table 12). 

11. ‘Big data’ analysis on temporal growth rates 

This section compares the temporal signature growth rates of species 
based on the all odd harmonics averages. In undertaking this analysis, 
the hrmall magnitudes were first summed per sweep and this data was 
used for the temporal growth analysis. While hrm3 is dominant, this 
approach enabled the team to take into account a wider spectrum of 
indicators, than solely on the hrm3. 

Table 13 shows the average sweep numbers (#) when the hrmall 
magnitudes reached their respective maximums in various species as 
well as half of these max amplitudes. The computation was carried out 
by first calculating the total odd-harmonics signature and then identi-
fying at which sweeps it reaches its maximum value and half of this 
maximum. Finally, the average sweep index for a species was calculating 
by taking the average of the individual sweep indexes (when the total 
hrmall contribution was @ its max) of the individual tests that fall under 
a particular species. A similar analysis is conducted to determine the 
average sweep index when a particular species reached half of its odd- 
harmonic signature max. As discussed previously, the frequency- 
domain based FFT magnitudes of all fifteen odd-harmonic current sig-
natures were calculated using 20-ms sweeps, repeated once a second. 
Therefore, a sweep equates to a full second. 

The temporal growth speeds were then calculated (see Table 14) by 
normalizing the average sweep numbers in Table 13 to the average 
sweep numbers of F. Angustifolia (i.e. the species where slowest growth 
occurs). This enables us to compare and contrast the species in terms of 

Fig. 17. Comparison of all odd-harmonic current averages of the species.  

Table 10 
All odd-harmonics’ magnitude average based un-classification risk indexation.  

Species Risk Index 2 

Salix (Willow)  0.0780 
Fraxinus Angustifolia (Desert Ash)  0.2288 
Acacia Mearnsii (Black Wattle)  0.1048 
Pinus Radiata (Radiata Pine)  0.1838 
Eucalyptus Baxteri (Stringybark)  0.1086 
Eucalyptus Viminalis (Manna Gum)  0.1168 
Acacia Melanoxylon (Blackwood)  0.2336 
Cotoneaster Glaucophyllus (Cotoneaster)  0.1600 
Acacia Pycnantha (Golden Wattle)  0.1718 
Pittosporum Undulatum (Native Daphne)  0.3145 
Allocasuarina Verticillata (Drooping Sheoak)  0.3145 
Schinus Molle (Peppercorn)  0.4405  
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their odd-harmonic current signature growth rates. As shown in 
Table 14, S. Molle has the fastest speed of reaching its odd-harmonics 
average maximum due to faster fault current development in this spe-
cies. P. Undulatum, on the other hand, has the fastest speed to its max/2 
mark. In both categories, F. Angustifolia had the lowest speed. Some 
vegetation species such as F. Angustifolia require further discussion, 
after the analysis of their temporal growth rates. Even though F. 
Angustifolia was the species with the 2nd highest average fire-risk based 
on ember formation in [2]. In the earlier analysis herein, however, it 
appeared to have a lesser risk on the basis of its harmonic emission 
magnitudes alone. This suggests that the speed of temporal growth of 
harmonic signatures might be as critical as the average magnitude of 
emissions. Specifically, the slow growth of If (and correspondingly the 
slow growth in harmonic signatures) in a species (e.g. F. Angustifolia) 
may still compensate against the low-magnitude harmonic averages and 
still cause a relatively high fire-risk. The species of P. Radiata is a second 
critical example to this new observation. In the former analysis based on 
harmonic contents alone, Pinus Radiata was ranked as the 7th highest 
fire-risk species (against its 4th ranking in [2]). As shown in Table 14, P. 
Radiata has the 2nd slowest temporal growth, after F. Angustifolia. This 
confirms that a fire-risk analysis based on the magnitude of harmonic 
signatures alone is not sufficient, and the temporal growth rate is also a 
factor. Fig. 21 shows the temporal growth comparison of the average of 
hrmall. In undertaking the following analysis, the sweep by sweep hrmall 
temporal averages were calculated and plotted for each species. Fig. 21 
shows the temporal growth comparison of the species with the odd- 
harmonics averaged per sweep. In plotting the data in Fig. 21 the odd- 
harmonics totals were first calculated on a sweep-by-sweep for each 
tests of a species, and the odd-harmonics totals were then averaged for 
each species category. The slow temporal growth in F. Angustifolia can 
also be clearly seen in Fig. 21. 

The key rationale in this analysis was to identify species where If (and 
the accompanying harmonics) would grow the fastest and the slowest to 
their test maximums. This is significant as harmonic emission magni-
tudes are alone inadequate in representing the precise fire-probability 
risk of a species. Another key factor, the speed of growth, had to be 
considered using a big-data analysis of 156 tests such that generaliza-
tions could be made, rather than making conclusions on the basis of a 
handful tests. 

12. ANOVA and Tukey HSD tests 

For addressing the outlined research questions regarding the effects 
of different vegetation species on odd harmonic current signatures and 
potential implications for the fire and un-classification risks, authors 
have developed a comprehensive analytical approach. This research 
builds upon the existing literature, such as Marxsen [2], suggesting that 
rapid detection of earth faults can significantly reduce fire risks. The 
primary dependent variable was the ‘average_harmonic’ encapsulating 
the magnitude and temporal growth of odd harmonic current signatures. 
This variable provides insights into the conductivity of different vege-
tation species under conditions indicative of High-Impedance faults 
(HIFs). As discussed above species, with higher conductivity, were 
observed to generate less harmonic current signatures. The investigation 
discussed herein involved a diverse range of vegetation species, each 
with distinct physical characteristics and conductivity properties, mak-
ing them appropriate candidates for the study. These were encoded in 
our model as a categorical variable, ‘species‘. Authors initially applied 
an Analysis of Variance (ANOVA) test to evaluate the hypothesis that the 
‘average_harmonic’ is the same across all species. The results revealed a 
highly significant effect of the analysed species on the ‘aver-
age_harmonic’, with a p-value of 7.322032e-148. This is far below the 

Fig. 18. Distribution of individual hrm3 values for each species.  

C. Ozansoy and O.A. Sianaki                                                                                                                                                                                                                



International Journal of Electrical Power and Energy Systems 157 (2024) 109804

19

conventional 0.05 threshold for statistical significance. This finding re-
jects the null hypothesis, confirming that there are indeed significant 
differences in the ‘average_harmonic’ among the tested vegetation 
species. 

However, the ANOVA test only tells us that not all species produce 
the same ‘average_harmonic’; it does not specify which species differ 
from each other. Therefore, authors then applied a post-hoc Tukey 
Honestly Significant Difference (HSD) test [24] to perform pairwise 
comparisons of all species. The results of the Tukey HSD test confirmed 
that the effect of species on the ‘average_harmonic’ is heterogeneous; in 
other words, the differences in harmonic signatures are not uniform 
across all species pairs. Explicitly, certain species pairs showed signifi-
cantly different harmonic signatures, as indicated by p-values below 
0.05 and a ‘True‘ value in the reject column. For instance, the pairs 
‘A_Mearnsii‘ and ‘A_Melanoxylon‘ showed a significant difference with a 
mean difference of − 0.0053 and a p-value of 0.001. On the contrary, 
other species pairs, such as A. Mearnsii and Eu. Baxteri, showed no 
significant difference in their harmonic signatures, with a p-value of 0.9 
and a ‘False‘ value in the reject column. In other words, these two species 
were close to each other from the viewpoint of odd-harmonic fault 
current signatures and current conductivity. This nuanced understand-
ing of species’ effects on the average_harmonic allows us to make a more 
informed assessment of their respective fire risks and detection chal-
lenges. In turn, this could guide utilities on implementing more effective 
vegetation management strategies, ensuring the safety and affordability 
for the power distribution industry and communities. For instance, 
species with high ‘average_harmonic’ may be classified as ’high-fire 
probability’, warranting their maximum clearance in bushfire-prone 
areas, while species with lower average_harmonic could be considered 
’low-fire probability’ and managed accordingly. Besides, the temporal 

growth speed comparison of odd-harmonic signatures across different 
species provides insights into the potential speed of detection possible 
for earth faults in different vegetation. This information is crucial for 
effective and swift risk management strategies aiming to minimize the 
fire risk associated with vegetation-induced HIFs. 

Yet, the complexity and diversity of species’ effects on the aver-
age_harmonic necessitate further research to fully understand and 
categorize the potential fire and detection risks associated with different 
species. For example, lower average_harmonic species are good electric 
conductors and may need to be further tested to develop better strategies 
in dealing with them. One weakness of the project in [1] was the fact 
that the tests were terminated early as the fault current reached the pre- 
set limits of 0.5, 1, and 2 Arms. As such, the fault tests of good conduc-
tivity species (e.g. S. Molle and P. Undulatum) were concluded fast, 
without getting the full picture on the effects of sustained high fault 
current amplitudes on these. Future research on these ’low-fire proba-
bility’ species is advisable to better understand the extent of uninter-
rupted fault current development potential and whether they would 
eventually experience break-out of flames leading to charring (when 
subjected to high fault currents for many minutes). In conclusion, our 
research represents an important step in bridging the knowledge gap in 
this area, with potential implications for effective risk mitigation and 
vegetation management. 

Further building on our examination of the ‘average_harmonic’, we 
also conducted a parallel analysis for another dependent variable: 
‘harmonic_3′. This variable, like the ‘average_harmonic’, captures as-
pects of the odd harmonic current signatures, allowing for an additional 
layer of comparative analysis. The ANOVA results for both variables 
(average_harmonic and harmonic_3) suggest a highly significant effect 
of species on the respective harmonic signatures. Notably, the F value 

Fig. 19. Distribution of individual odd-harmonic averages values for each species.  
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and the p-value (PR(>F)) for harmonic_3 are even more pronounced 
than those for the average_harmonic. For harmonic_3, the F value is 
76.91, and the p-value is extremely close to zero (1.89 x 10^-165). This 
suggests that the effect of species on the harmonic_3 is more pronounced 
compared to the average_harmonic. This insight contributes to a more 
nuanced understanding of how different vegetation species might in-
fluence distinct aspects of odd harmonic current signatures, with 

potential implications for both fire risk and detection feasibility. 
To understand which species pairs showed significantly different 

harmonic signatures, we again performed Tukey’s HSD tests for pairwise 
comparisons. The outcomes showed variations in mean differences 
(’meandiff’) between species groups across the two variables. For 
instance, the mean difference between ’A. Mearnsii’ and ’A. 

Fig. 20. Statistical metrics of the odd-harmonics average across the species.  

Table 11 
Fire risk categorization based on the mean odd-harmonics averages.  

Species Average Fire Probability & 
Rank [2] 

Fire Risk Probability % & 
Rank 

Salix 1 (# 1 in [2]) 100 (# 1) 
Acacia Mearnsii 0.57 (# 3 in [2]) 74.44 (# 2) 
Eucalyptus Baxteri 0.53 (# 5 in [2]) 71.87 (# 3) 
Eucalyptus Viminalis 0.5 (# 6 in [2]) 66.78 (# 4) 
Cotoneaster 

Glaucophyllus 
0.21 (# 8 in [2]) 48.78 (# 5) 

Acacia Pycnantha 0.1 (# 9 in [2]) 45.4 (# 6) 
Pinus Radiata 0.55 (# 4 in [2]) 42.42 (# 7) 
Fraxinus Angustifolia 0.58 (# 2 in [2]) 34.11 (# 8) 
Acacia Melanoxylon 0.23 (# 7 in [2]) 33.38 (# 9) 
Pittosporum 

Undulatum 
0.07 (# 10 in [2]) 24.83 (# 10) 

Allocasuarina 
Verticillata 

0.05 (# 11 in [2]) 24.8 (# 11) 

Schinus Molle 0 (# 12 in [2]) 17.67 (# 12)  

Table 12 
Fire risk categorization based on the multiplicand of the mean and maximum of 
the hrmall average.  

Species Average Fire Probability & 
Rank [2] 

Fire Risk Probability % & 
Rank 

Salix (Willow) 1 (# 1 in [2]) 100 (# 1) 
Acacia Mearnsii 0.57 (# 3 in [2]) 96.72 (# 2) 
Eucalyptus Viminalis 0.5 (# 6 in [2]) 61.17 (# 3) 
Fraxinus Angustifolia 0.58 (# 2 in [2]) 38.68 (# 6) 
Eucalyptus Baxteri 0.53 (# 5 in [2]) 57.96 (# 4) 
Cotoneaster 

Glaucophyllus 
0.21 (# 8 in [2]) 40.04 (# 5) 

Pinus Radiata 0.55 (# 4 in [2]) 33.2 (# 7) 
Acacia Pycnantha 0.1 (# 9 in [2]) 24.68 (# 8) 
Acacia Melanoxylon 0.23 (# 7 in [2]) 17.96 (# 9) 
Allocasuarina 

Verticillata 
0.05 (# 11 in [2]) 15.26 (# 10) 

Pittosporum 
Undulatum 

0.07 (# 10 in [2]) 12.79 (# 11) 

Schinus Molle 0 (# 12 in [2]) 4.15 (# 12)  
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Melanoxylon’ was − 0.0053 for the average_harmonic, whereas it was 
substantially larger (-0.0194) for harmonic_3. More strikingly, some 
species pairs demonstrated significantly different effects on harmonic_3 
compared to average_harmonic. A notable example is the pair 
’A_Mearnsii’ and ’Eu_Baxteri’, which showed no significant difference 
for the average_harmonic (p > 0.05), but revealed a significant differ-
ence for harmonic_3. This suggests that the effect of species on the 
measured variable is not equivalent across all facets of odd harmonic 
current signatures. These variations between the average_harmonic and 
harmonic_3 highlight the complexity of the relationship between vege-
tation species and odd harmonic current signatures. They underscore the 
need to consider multiple dimensions of harmonic current signatures in 
assessing the potential fire risks and detection challenges associated 
with different vegetation species. This multidimensional approach pro-
vides a more comprehensive and nuanced understanding that can guide 
effective strategies for vegetation management and fire risk mitigation. 
The analysis was conducted using Python 3.8.8, with the key libraries 
being Pandas 1.2.4 for data manipulation, NumPy 1.20.1 for numerical 
computation, SciPy 1.6.2 for statistical analysis, and Statsmodels 0.12.2 
for statistical modeling. The specific version of the libraries used ensures 
the reproducibility of the results, as differences in versions could 
potentially lead to slight variations due to changes or improvements in 
the algorithms used within these libraries. 

13. Discussion of results and contributions to knowledge 

This research has focused on fire-risk probability ranking of vege-
tation species during VeHIFs. In undertaking this analysis, a scientific 
and analytical method was developed for analysing species in terms of 
their low-order odd harmonic current signature emissions. This work 
does not propose an odd-harmonics based VeHIF classification method, 
but an analytical evaluation fire-probability risk ratings of species using 
harmonic signatures. We began with an introduction of stages of ignition 
development that a vegetation branch experiences when subject to 
electrical HIF currents. Our research established the ‘stages of ignition’ 
that a branch goes through as a key characteristic separating high 
bushfire risk species from a low risk species. We conclude that when a 
species undergoes a high degree of charring, ignition at height is more 
likely to result in embers with the size and temperature conditions for 
fire ignition at ground level. VeHIF currents often include intermittent 
arcs of varying widths. Our research has also established that the level of 
arcing in the fault current (during a VeHIF) is directly related to the fire- 
probability risk, with high-risk species showing higher levels of fault- 
current arcing. Our research has also shown that as arcing increases in 
the fault current, the V-I characteristic shifts from an almost linear 
relationship to one resembling a skewed figure-eight. While this figure- 
eight V-I pattern was previously reported in the literature, it is herein 
that the shift in the V-I pattern (from a linear characteristic to the figure- 
eight characteristic) is so explicitly validated in detail. Although this 
work does not propose a VeHIF detection method, the efficacy of har-
monics in discriminating VeHIF characteristics as compared to other 
disturbances, was demonstrated. The key difference lies on the VeHIF 
odd harmonic signatures being long lasting, unstable and very random. 

Next, we presented a big data analysis (using 156 fault test re-
cordings) on the fault current harmonics magnitude contrast of the 
eleven analysed species. The undertaken big-data analysis serves to 
provide a better foundation for the claims made herein, rather than 
reaching conclusions on the basis of few fault recordings. This research 
study shows a clear link between the physical ignition processes that a 
species experiences during a conductor contact and the emitted har-
monic signatures. The third-harmonic was indeed discovered to be very 
dominant in high fire-probability species such as the Salix. Yet, in some 
cases, there appeared to be a discrepancy between the high fire-risk 
rating of some species (e.g. F. Angustifolia) identified in [2] using an 
analysis of emitted embers, and the lower risk determined herein (on the 
basis of harmonic emission magnitudes alone). This prompted us to 
consider other factors such as the fault current and harmonic signatures 
growth rate. Consequently, the speed of temporal growth of harmonic 
signatures was determined to be as critical as the average magnitude of 
emissions, with a slow growth-rate having the potential to elevate the 
fire-risk probability in some species (e.g. F. Angustifolia), with lower 
odd-harmonic emissions. 

Table 15 shows the final species rank in this study. Two key metrics 
have been used. One is the fire risk categorization based on the multi-
plicand of the mean and maximum of the all odd-harmonics averages 
(see Table 7). The second is the over-fault temporal speed index from 
Table 10. As shown in Table 15, risk categorization considers the (i) 
mean odd-harmonics average, (ii) maximum of the hrmall average, and 
(iii) temporal growth speed of the odd harmonics indices. While the 
overall risk is positively correlated to the mean and max of the odd- 
harmonics emission averages, it is also inversely correlated with the 
temporal growth speed. The final species rank in Table 15 is comparable 
to that in [2], which was solely based on an evaluation of the amount, 
size, and temperature of falling embers. 

As shown in Table 15, Salix is clearly the highest rank species due to 
the magnitude of harmonic emissions in faults involving this species. F. 
Angustifolia generates less odd-harmonic emissions, but the fault cur-
rent growth rate (and those of the accompanying harmonic emissions) is 
very slow in F. Angustifolia. This slow temporal growth of harmonic 
signatures elevates F. Angustifolia’s fire-probability risk despite the low 

Table 13 
Temporal growth rate comparison of the odd-harmonics average.  

Species in the order of Risk 
Rank [2] 

Average Sweep # when 
@ Max amp 

Average Sweep # when 
@ Max/2 amp 

Salix (#1 in [2]) 70.62 s 52.5 s 
F. Angustifolia (#2 in [2]) 130.08 s 120.83 s 
A. Mearnsii (#3 in [2]) 32.5 s 27.07 s 
P. Radiata (#4 in [2]) 64.18 s 57.18 s 
E. Baxteri (#5 in [2]) 46.47 s 34.73 s 
E. Viminalis (#6 in [2]) 40.25 s 33.16 s 
A. Melanoxylon (#7 in [2]) 25 s 21.15 s 
C. Glaucophyllus (#8 in  

[2]) 
33.64 s 28 s 

A. Pycnantha (#9 in [2]) 21.7 s 16.8 s 
P. Undulatum (#10 in [2]) 16.2 s 12.07 s 
A. Verticillata (#11 in [2]) 26.5 s 21.95 s 
S. Molle (#12 in [2]) 16.14 s 12.28 s  

Table 14 
Temporal speed comparison of the odd-harmonics average.  

Species in the order of 
Risk Rank [2] 

Full Amplitude Speed 
(normalised to F. 
Angustifolia) 

Half Amplitude Speed 
(normalised to F. 
Angustifolia) 

Salix (#1 in [2]) 1.842 s/s  2.302 
F. Angustifolia (#2 in  

[2]) 
1.000 s/s  1.000 

A. Mearnsii (#3 in  
[2]) 

4.002 s/s  4.464 

P. Radiata (#4 in [2]) 2.027 s/s  2.113 
E. Baxteri (#5 in [2]) 2.799 s/s  3.479 
E. Viminalis (#6 in  

[2]) 
3.232 s/s  3.644 

A. Melanoxylon (#7 in 
[2]) 

5.203 s/s  5.713 

C. Glaucophyllus (#8 
in [2]) 

3.867 s/s  4.315 

A. Pycnantha (#9 in  
[2]) 

5.994 s/s  7.192 

P. Undulatum (#10 in  
[2]) 

8.030 s/s  10.011 

A. Verticillata (#11 in  
[2]) 

4.909 s/s  5.505 

S. Molle (#12 in [2]) 8.059 s/s  9.840  

C. Ozansoy and O.A. Sianaki                                                                                                                                                                                                                



International Journal of Electrical Power and Energy Systems 157 (2024) 109804

22

harmonic emissions in faults involving this species. F. Angustifolia was 
ranked #6 in Table 12 on the basis of the mean/max of its hrmall av-
erages. Now, when its slow temporal growth speed is considered, its 
rank increased to #2, which better aligns its rank with that in [2]. In 
Table 12, E. Viminalis was the third highest ranked species on the basis 
of the mean and max of its hrmall averages. By inversely considering its 
temporal growth speed, its rank has now dropped to #5, which also 
better aligns with that in [2]. The results confirm that an analytical 
methodology based on magnitudes of the average and maximum of odd- 

harmonic signatures and a consideration of the temporal growth speed 
of harmonics can reliably be used for a potential estimate of a species 
fire-risk probability rating. 

14. Conclusions 

Key contribution is on the fire-risk ranking of vegetation species in 
VeHIF events. Odd-harmonics current signature magnitudes and the 
speed of temporal growth of those signatures were used as deterministic 
factors. Most species experience few stages of ignition development 
during a VeHIF. From a fire-risk perspective, the stage of charring, often 
accompanied by a breakout of flames, is the most critical. High-risk 
species were those that experienced volatile fault currents and higher 
levels of odd-harmonic signature emissions during charring. Intermit-
tent arcing was also observed to be higher in high-risk species with 
volatile fault currents. Species with low carbonization are the lower risk 
ones, and they release fewer odd-harmonics signatures. While analysing 
the link between arcing and fire-risk, authors discovered that the V-I 
characteristic temporarily shifts (as arcing increases) from a linear 
relationship to one resembling a skewed figure-eight. While this figure- 
eight V-I pattern was previously reported in the literature, the temporal 
shift in the V-I pattern is only this explicitly validated herein. This study 
has also determined that the overall risk is inversely correlated with the 
temporal growth speed of harmonic signatures. Species with slow fault 
current growth also experience slow temporal growth of harmonic sig-
natures. This elevates the fire-risk, even despite low harmonic emissions. 
In contrast, species with fast fault current development impose lower 
risks. This is due to the fault current increasing to levels, where faults 
may be detected by traditional overcurrent methods, before the branch 
catches sustained fire, with fully developed ember production. The 
analytical fire-risk ranking method, key contribution herein, led to 
findings largely compatible with observatory analysis of the fire-risk 
based on ember formation. Species characteristics, such as branch size 
and environmental factors such as humidity were out of scope of this 
study and can be considered in future works. 

Fig. 21. Temporal growth comparison of average of all ‘odd-harmonics’ values in the species.  

Table 15 
Final fire-risk probability ranking of species.  

Species Fire Risk Probability 
% (mean × max) 
Rank1 

Full Amp 
Speed (s/s) 
Rank2 

Final Risk 
Probability and 
Rank 
(Rank1/ Rank2) 

Salix (Willow) (# 1 
in [2]) 

100 1.842 54.29 (# 1) 

F. Angustifolia (# 2 
in [2]) 

38.68 1 38.68 (# 2) 

A. Mearnsii (# 3 in  
[2]) 

96.72 4.002 24.17 (# 3) 

P. Radiata (# 4 in  
[2]) 

33.2 2.027 16.38 (# 6) 

E. Baxteri (# 5 in  
[2]) 

57.96 2.79 20.70 (# 4) 

E. Viminalis (# 6 in  
[2]) 

61.17 3.23 18.92 (# 5) 

A. Melanoxylon (# 
7 in [2]) 

17.96 5.203 3.45 (# 9) 

C. Glaucophyllus (# 
8 in [2]) 

40.04 3.87 10.35 (# 7) 

A. Pycnantha (# 9 in 
[2]) 

24.68 6 4.11 (# 8) 

P. Undulatum (# 10 
in [2]) 

12.79 8.03 1.59 (# 11) 

A. Verticillata (# 11 
in [2]) 

15.26 4.9 3.10 (# 10) 

S. Molle (# 12 in  
[2]) 

4.15 8.059 0.51 (# 12)  
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