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Abstract:  HRL Technology Group (HRLTG) was contracted by the Victorian Government to deliver the 
field test program of Rapid Earth Fault Current Limiter (REFCL) technologies, under direction of a lead 
researcher. The REFCL studies were conducted under the Powerline Bushfire Safety Program (PBSP) 
within the Department of Economic Development, Jobs, Transport and Resources. The PBSP was 
initiated for the purpose of implementing recommendations from the Victorian Bushfire Royal 
Commission; specifically measures to reduce bushfire risks associated with electricity assets. Research 
undertaken in 2014 was tested on the Frankston South Zone Substation 22kV network and 
demonstrated that REFCL technology can effectively, and rapidly, reduce fault current to suppress 
arcing in 'wire-on-ground' powerline faults. The 2015 trials were designed to establish full network 
optimisation of REFCL technology to mitigate bushfire risk for the Victorian rural network. The PBSP 
research program was conducted with the support of Energy Safe Victoria and distribution businesses. 
HRLTG's ability to design, manufacture and operate the REFCL R&D test facilities was pivotal to the 
study outcomes. The purpose built test facilities were developed to: allow a safe means of testing 'Fault 
on ground' (up to 50 tests per day) accurately replicating worst case bushfire conditions; conduct testing 
on live networks without disruptions to customers; and measure and processes a variety of critical data. 
Through this research the mitigation impacts of REFCL technologies from vegetation and ground faults 
caused by powerlines was determined. Details of the methodology and equipment developed by HRLTG 
to achieve the project goals are presented.    

Keywords:  arching, bushfire mitigation research, rapid earth fault current limiter, refcl, powerline faults. 

1 Introduction  

After the 2009 Black Saturday bushfires, the Victorian Bushfires Royal Commission (VBRC) was 
established to consider how bushfires can be better prevented and managed in the future. The 
Powerline Bushfire Safety Program (PBSP) was established to action the recommendations from the 
VBRC and several projects were initiated to deliver a reduction in powerline related bushfire risk [1.]. 

HRL Technology Group (HRLTG) was contracted by the Victorian Government to assist with several 
activities required to complete the Network Assets Project. This project required power distribution 
businesses to install new network technologies that will better control the faults in Victorian networks, 
which may cause fires. HRLTG, working under guidance from the lead researcher Tony Marxsen, was 
involved with several critical studies throughout the project. These projects included: 

 Field trials to assess the effectiveness of protection equipment to reduce bushfire ignition risks 

from wire on ground faults on an actual network [2.] 

 Field trials to assess the effectiveness of protection equipment to reduce bushfire ignition risks 

from vegetation faults on an actual network [3.], and  

 Field trials to demonstrate the reduction in ignition probability from ground faults and vegetation 

faults using protection equipment on an actual network [4.] 

The scope of the Network Asset Project was developed based on previous research activities funded 
by Energy Safe Victoria (ESV) with assistance from HRLTG. The initial research activities included: 

 The initial literature risk assessments for bushfire ignition from electric faults [5.] 

 Laboratory testing to determine the probability of bushfire ignition from electric arc faults [6.] 

 Subsequent experimental trials to better understand the impact of auto-reclose settings on 

protection equipment [7.] 
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The studies completed during the Network Assets Project identified that Rapid Earth Fault Current 
Limiters (REFCL’s) are a commercially available technology which when optimised can significantly 
reduce the likelihood of bushfire ignition. The field studies required specially designed REFCL R&D test 
facilities to achieve the study outcomes. HRLTG’s ability to engineer solutions to complex problems 
including the design and manufacture of first of a kind equipment, process design including sample 
control and analysis, and data acquisition was pivotal to achieve the project goals. 
This aims of this paper are to outline the test equipment developed by HRLTG, demonstrate the 
complexity of working on an HV R&D test site and highlight the safety measures required for the safe 
operation of the test equipment. 
 

2 Design of the High Voltage (HV) Test Facility for Bushfire Mitigation 
Technologies 

The purpose of the HV Test Facility was to enable powerline faults to be researched by safely initiating 
common failure modes responsible for bushfire ignition. The two types of failures investigated can be 
summarised as: ‘Branch touching wire’ faults caused by trees touching powerlines and, ‘wire on ground’ 
faults caused by lengths of energised conductor falling down and contacting the ground. Various 
configurations of each failure mode were investigated. The test facility was fitted with multiple video 
cameras (including infrared) as well as voltage and current measurement devices to provide detailed 
data acquisition throughout the project. 

The HV Test Facility was designed to simulate powerline faults at the worst case ignition conditions that 
could be reasonably expected on Code Red fire risk days. These conditions were determined during the 
2011 and 2013 Energy Safe Victoria (ESV) funded research programs designed to assess the 
probability of bushfire ignition from electric arc faults [5., 6., 7.]. The conditions were defined as 45°C air 
temperature at 20% relative humidity (RH) with fuel consisting of a loosely packed dry grass at about 
5% moisture for ‘wire down’ faults. The same conditions (temperature and humidity) were selected for 
the ‘branch touching wire’ faults with wind speed of 4 km/hr to 15 km/hr. 

The test equipment was enclosed within 40ft shipping containers to allow easy transport, earthing and 
isolation. The test equipment was relocated and slightly modified for each of the three field trials 
(Frankston {FTS} in 2014, Springvale {SVW} in 2015 and Kilmore South {KMS} in 2015) depending on 
the type of testing required for each trial. The test setup utilised in the 2015 Kilmore South trials included 
the ‘wire on ground’ fault test rig used in the 2014 Frankston trials and the ‘branch touching wire’ test rig 
used in the 2015 Springvale trial as shown in Figure 1 to Figure 3. 

The requirements for the design of the test facility were complicated by the need to operate on a live 
distribution network with connected customers, as well as the need to account for the variety of test 
conditions and configurations which were evaluated thought the trials within the overall REFCL research 
program. 

The facility was designed with safety controls to ensure that equipment within the test facility could be 
suitably isolated, remotely operated, de-energised and earthed. Remote interlocks were also installed 
to control personnel access to the conditioning chamber and test spaces. The test spaces were 
designed to allow the atmospheric conditions to be modified to match worst case Code Red fire risk 
conditions and provisions were made to allow smoke to be vented. 

It was essential to develop an adaptable design to respond to the requirements of an ever evolving test 
program. This challenge was addressed by the use of programmable motor drives on moving equipment 
and the modular design of components to allow easy modification or relocation. The operating 
procedures and processes were constantly reviewed and modifications were made in response to 
unexpected events or problems. In addition to the initial pre-construction safety reviews and production 
of risk registers, JSEA’s and operating procedures, a thorough risk assessment regime was 
implemented which regularly reviewed and updated all procedures where issues were identified. Daily 
tool-box meetings were essential to ensure all risks were discussed and communicated to the team. 
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Figure 1 Kilmore South ‘Wire on Ground’ Test Apparatus in Test Space 
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Figure 2 Kilmore South ‘Branch Touching Wire’ Test Rig in Test Space 

 

 

Figure 3 Kilmore South Conditioning Container 
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3 Vegetation Conduction ‘Branch Touching Wire’ Bushfire Ignition Probability 
Testing 

The vegetation conduction test rig was comprised of two parallel sections of a typical aluminium 
powerline conductor (19/3.25AAC). The conductors could be connected to the ceiling-mounted high 
voltage bus bars by flexible dropper cables or they could be earthed depending on the desired operating 
configuration for the test. By earthing one conductor, the test rig operated in the phase-to-earth 
configuration to simulate ‘branch touching wire’ faults. 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. During the 2015 trials in Springvale, an earthed trolley was used to support vegetation 
samples for grass and bush tests to simulate ‘wire into vegetation’ faults. A pneumatically triggered 
switch also allowed one conductor to be ‘dropped’ into a grass or bush sample. The loaded test rig is 
shown in Figure 4. For these tests, one conductor was earthed and disconnected from the energised 
bus bar. A bank of resistors replicated the resistance of the tree trunk to simulate a branch touching the 
conductor. The conductor at the HV end of the test area was energised and the current flowed through 
the branch sample as shown in Figure 5. Tests were performed with a pedestal fan operating to replicate 
wind. 

 

Figure 4 Test area showing slot cover with probes withdrawn (A.), test rig (B.) and sliding hatch (C.) 

 

 

Figure 5 'Branch touching wire' test [8.] 

 
For all of the tests completed at Kilmore, the wind direction was from the video camera end of the test 
space (trunk end of the branch sample) to the HV area (leaf end of the branch sample) as this was found 
to provide the worst case fire risk. 
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Sample management provided a number of challenges, mainly due to the large number of fresh samples 
required to complete the testing program. A list of 24 species was included in the test scope and even 
though not all species could be acquired during the field trials, a total of 1038 branches were tested 
during the 2015 Springvale trials. The test facility required refrigerated storage to preserve branch 
samples once they were delivered to the site. The test space included a conditioning chamber which 
was maintained at 45°C to ‘condition’ the branch samples before testing. The sample preparation and 
conditioning was critical to ensure consistent results were obtained. Significant variations in moisture 
content or branch diameter impacted on the behaviour of each species of branch and the subsequent 
fire ignition probability. A strict test regime was implemented to record critical characteristics of each 
sample including moisture content and branch diameter (taken from the thickest end). A method was 
developed to compare the electrical conductivity of each branch species by analysing a solution made 
from ionic compounds extracted from milled branch samples. The branch species, diameter, moisture 
content and conductivity data was used to develop explanations for the behaviour of the samples when 
tested using the vegetation conduction ‘branch touching wire’ test rig. 

 

4 ‘Wire on Ground’ Bushfire Ignition Probability Testing 

The ‘wire on ground’ test rig consisted of a mechanically driven conductor arm which simulated a live 
conductor falling onto a bed of dry vegetation under worst case Code Red fire risk conditions.  

‘Conductor on ground’ impacts were simulated using a rotating lever arm connected to a replaceable 
length of conductor (Figure 6). The arm was 1 m long to the centre of the conductor, which was clamped 
between a reinforced bow. The lever arm assembly was constructed from an aluminium alloy and formed 
part of the test circuit. An electrically insulating glass fibre reinforced rod connected a 0.1 m long drive 
lever at the pivoting hub of the mechanism to a linear actuator. A servo motor driven linear actuator was 
connected to the hub of the lever arm. The position of the linear actuator therefore controlled the position 
of the lever arm providing a consistent conductor motion in each test. This configuration provided a very 
consistent test duration, impact velocity and conductor bounce height throughout the field trials. For 
example, the time delay between sending the initiate signal from the control hut and recording the initial 
soil current was 2,865 ± 5 milliseconds test-to-test and ± 20 milliseconds over the entire 2014 Frankston 
test program [9.]. 

A target impact velocity of 12 m/s with a rebound height of 150 mm was selected based on conductor 
drop rates measured during line drop trials performed at the Frankston test site. Both activities were 
conducted as part of the design stage of the REFCL trial. The impact velocity was measured using high 
speed cameras capturing videos at between 1000 and 4000 frames per second. Recordings were used 
to tune the settings of the drive mechanism and verify the desired impact speed of 12 m/s near the tip 
(fastest travelling point) of the conductor throughout the test program. This velocity corresponded to a 
theoretical conductor drop from a height of 8 meters. 

Various dampeners were employed throughout the field trials to achieve a suitable and reliable 
conductor bounce height. The most effective design utilised two hydraulic dampeners which were 
engaged by the test rig lever arm during the initial impact to limit conductor rebound to approximately 
150 mm at the mid-section of the conductor bow. Subsequent and much smaller bounces of 
approximately 25 mm followed before the conductor settled to rest. The bounce behaviour was strongly 
affected by the type of dampeners used. A consistent bounce height was achieved by trial and error 
however, slight variations in test bed soil surface level and the softness of the soil contributed to a minor 
variability in rebound height between tests. 
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Figure 6 Test cell showing (a) conductor impact mechanism inside HV space and (b) video space 
looking towards ignition and HV spaces [2.] 
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Figure 7 Test bed positioned in test cradle within ignition space (left) prior to test and (right) during 
positive ignition test. 

 
The sample beds were designed to replicate dry ground level vegetation which could be found below 
powerlines. The test beds were constructed from 400 mm long, 290 mm diameter semi-cylindrical 
polypropylene containers (Figure 7). The empty test beds weighted 1.5 kg with complete test beds 
weighing up to 19 kg when filled with undried sand.  

Both ends of the containers had 50 mm diameter semi-circular clearances punched and sealed with 
tape to allow the conductor ends to extend below the soil surface level without restriction during impact. 
This enabled the conductor to embed into the soil without bouncing off the frame of the containers. A 
3 mm thick, 100 mm wide copper strip running along the base of each test bed was used to ensure a 
uniform fault path length from the conductor through the soil. A copper earth connection was attached 
to the base of the containers at one end. In the majority of ignition tests this was connected to earth 
through a wideband current shunt used to measure soil current. An empty test bed is shown in Figure 
8. 

 

 

Figure 8 Empty test bed container 

 
The test beds were filled with bricklayer’s sand and ‘seeded’ with eight bunches of fuel to a depth of 
30 mm using a chevron shaped plate developed for the task (Figure 9a). Fuel bunches were prepared 
in batches to ensure the length and coarseness of stalks in each bunch was relatively consistent. The 
distribution of bunches in the test bed was marked out using a template prior to ‘seeding’. Various stages 
in the preparation of the test beds are shown in Figure 9. 
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Figure 9 Stages of fuel bed preparations including (a) ‘seeding’ tool with 30 mm marker, (b) weighed 
and prepared fuel bunches, (c) fuel bunch distribution template and (d) a set of 48 completed fuel 
beds. 

 

5 High Voltage (HV) Test Facility Safety Measures 

Performing R&D testing using HV equipment on a live network introduced a number of safety and 
operational challenges into the design of the test facility. Safety was the highest priority throughout all 
stages of the Network Asset Project and multiple layers of protection were built into each process. 

In addition to safety procedures including job safety analysis, risk assessments and safety meetings, a 
number of safety measures were engineered to ensure the safe operation of the test facility. Physical 
barriers were essential to separate personnel from potential hazards and multiple layers of fencing, 
guarding and partitioning were employed throughout the facility. The entire test site was enclosed within 
a fenced area which was locked during testing to ensure site access could be controlled. 

The protection systems incorporated into the test facility served to support the higher order of protection 
provided through controlled site access, galvanic isolation of the control hut from the test space, 
operational procedures and by the interlocks programmed into the SEL351S protection system used to 
control the HV supply circuit switching. In addition, electromagnetic locks installed on the access doors 
of both cells were interlocked through the SEL351S protection system, which also controlled visual LED 
warning beacons installed at the entrance to the test cell. The access doors could only be unlocked 
when the HV switching was in a safe state and as indicated by a green ‘safe’ LED status on the warning 
beacons. Alternatively, the HV switching could not be performed until the SEL351S protection system 
received a signal confirming that the doors to the test space were locked and the red beacon was on. 

The test space was connected to the HV supply via 24kV bushings which penetrated the roofs of the 
Vegetation Conduction Test Cell and the Wire on Ground Test Cell. Inside each test space, the HV 
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supply was connected to the test apparatus via roof mounted copper bus bars with flexible leads. The 
bus bars were supported by 210mm insulators and the flexible leads used ‘cone and socket’ fittings to 
allow easy connection and earthing using an operating stick. Access to the HV bus bars was restricted 
by polycarbonate baffles which provided a physical barrier to restrict access by personnel. Personnel 
were required to sign onto an Electrical Access Permit (EAP) to enter the area containing the HV bus 
bars. 

Both test spaces relied heavily on pneumatically driven pistons and an interlocking system to only allow 
access to the test space once all required isolations had been successfully executed. An interlock on 
the entry door meant that the door could not be opened unless the slot cover (which separated the HV 
area from the test space in each container) was closed. The slot covers could only be closed once the 
pneumatic piston (or lever arm in the wire on ground test space) was withdrawn and connection to the 
test space was broken. The final layer of protection was the use of earthing sticks, contact and non-
contact voltage testers and Electrical Access Permit’s to remove samples or apply earthing. 

Other safety measures included the design and installation of a suitable earth grid extending to all areas 
within the test site. All equipment and structures were also earthed and the buildings and containers 
were connected to the local earth grid at multiple locations. 

To protect the network from large current draws due to the tests, several layers of protection existed. If 
the REFCL itself failed to reduce the current within a specified time, a PC running Labview software 
would automatically send a signal to open the cell supply switch via the SEL351S. If that failed, the 
SEL351S would open an ACR to isolate the testing equipment from the network. 

In addition to the infrared, high speed and HD video cameras used to record samples during testing, 
four radio transmitted surveillance cameras provided a live feed of the ignition space, sliding shutter and 
conditioning cell to the control hut. The HD video camera could be moved between the Wire on Ground 
and Vegetation Conduction Test Spaces and provided a live feed of the tests via an optic cable to the 
control hut. The video stream of the sliding shutter was used to ensure the conditioning container was 
safe to enter. The remaining cameras were used to monitor personnel within the cells. 
 

6 Outcomes from the Field Studies 

This report outlines the various aspects of the design and operation of the test facilities with particular 
focus on the specific safety considerations pertinent to performing testing on an operating HV network. 
This section briefly summarises overall findings which were derived through the effective operation of 
the test facilities. These findings are detailed in each of the publically available Marxsen consulting 
reports [9., 10.,11.].   

6.1 Findings from the 2014 Frankston Field Study 

The objectives of the 2014 REFCL trial were to determine whether REFCL technology is effective in 
reducing fires started by electric arcs in single phase to earth faults on multi-wire 22kV powerlines; and 
to determine the optimum operational settings for REFCLs for reducing fires started by electric arcs in 
powerline faults. The findings form the 2014 Frankston Field Study have been concisely summarised by 
Marxsen in the 2014 REFCL Trial test report [9.] as: 

 In worst case fire conditions, ‘wire on ground’ powerline faults on networks with traditional non-

REFCL protection create an inherent risk of fire; 

 Existing non-REFCL Sensitive Earth Fault (SEF) protection schemes have the potential to 

prevent some fires; 

 REFCLs dramatically reduce energy release into the environment from ‘wire on ground’ 

powerline faults; 

 REFCLs can detect and respond to ‘wire on ground’ powerline faults that traditional non-REFCL 

network protection cannot ‘see’; 

 REFCLs can significantly reduce fire risk for a wide range of ‘wire on ground’ powerline faults. 

 There are some ‘wire on ground’ powerline earth faults where today’s REFCL products may not 

prevent ignition; 

 Though both REFCL variants reduce fire risk, Ground Fault Neutralisers (GFNs) offer superior 

fire risk reduction benefits compared to Arc Suppression Coils (ASCs); 

 REFCL designs can be improved to further reduce fire risk; 

 REFCLs offer benefits to public safety; and 

 REFCLs offer benefits to supply reliability. 
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6.2 Findings from the 2015 Vegetation Conduction Ignition Test Program 

There are 31 significant findings from the 2015 Vegetation Conduction Ignition Test program 
summarised by Marxsen [10.]. These findings include qualitative and quantitative descriptions of 
vegetation ignition behaviour caused by contact with HV powerlines. The significant findings, which have 
been taken directly from the Marxsen report, relevant to the subsequent field study in Kilmore South 
include: 

 The initial current in ‘branch touching wire’ faults that produce fire risk is too low to be detected 

by powerline protection technologies currently in use in rural Victoria; 

 With traditional earth-fault detection sensitivity of 5-10 amps on rural powerlines in Victoria, 

‘branch touching wire’ earth faults are certain to produce a fire in worst case conditions; 

 If powerline earth-fault protection systems were to detect and respond to 0.5 amp faults within 

two seconds, fire risk in ‘branch touching wire’ faults in worst case conditions would be reduced 

tenfold compared to current levels; 

 Different species show widely varying fire risk in ‘branch touching wire’ faults. Of the species 

tested, the worst fire risk in ‘branch touching wire’ faults is Willow (Salix Sp.) and the best is 

Peppercorn (Schinus Molle). Other species tested fall between these extremes; 

 Within the limits of certainty set by the smaller number of tests performed, ‘wire into bush’ faults 

are likely to have a higher fire risk than ‘branch touching wire’ faults. If powerline protection 

systems can detect and respond to a 0.5 amps earth fault, fire risk from ‘wire into bush’ faults 

might be cut by about 80%; 

 If fault currents could be limited to a specific low value by powerline protection systems, fire risk 

would be lower in ‘branch across wires’ faults than in ‘branch touching wire’ faults for the same 

current limit. However, no powerline protection technology is available today that offers this 

capability; 

 Assuming all ‘branch across wires’ faults progress to flashover (whereupon the high voltage is 

removed by powerline over-current protection), the fire probability from ‘branch across wires’ 

faults on real networks is likely to be not less than 55%; and 

 Fault detection and response within about five seconds might achieve substantial reductions in 

‘branch across wires’ fire risk. Fault detection times longer than about 20 seconds would be 

unlikely to significantly reduce fire risk in such faults. 

6.3 Findings from the 2015 REFCL Technologies Test Program 

The findings from the REFCL Technologies Test Program were a set of performance standards to be 
included in the Electricity Safety (Bushfire Mitigation) Amendment Regulations and are not included in 
the current report. For a complete summary of the findings refer to the 2015 REFCL Technologies final 
report prepared by Marxsen [11.]. 

 

7 Conclusion 

HRL Technology Group was contracted by the Victorian Government as part of the Powerline Bushfire 
Safety Program to assist with various research activities with the aim of reducing bushfire ignitions cause 
by powerlines within part of PBSP’s Network Assets Project. Assisted by various Victorian Government 
departments working on the PBSP, Marxsen Consulting and the various Victorian Distribution 
Businesses, HRLTG was able perform and record thousands of high voltage tests at multiple locations 
while upholding a flawless safety record. The effective operation of the test facility enabled the project 
goals to be achieved which subsequently allowed the Victorian Government to develop performance 
standards for REFCL’s with the aim of significantly reducing the risk of bushfire ignitions from 
powerlines. 

The performance standards were included in the Electricity Safety (Bushfire Mitigation) Amendment 
Regulations 2016 [12.] which were enacted on 1 May 2016. 
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