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1. Executive Summary

In 2017, Horizon Power commenced the ‘Distributed Energy Resources (DER) trials in 
Canarvon’, Western Australia, in partnership with researchers from the Engineering and 
Energy Discipline at Murdoch University. The trials aims to resolve the technical, operational 
and transitional barriers to a high penetration DER future.  

Carnarvon, situated 900 km north of Perth, experienced a rapid uptake of solar PV with higher 
than average system sizes (typically 10-30 kW) in 2008 - 2011. As part of this project, unique 
monitoring infrastructure (Wattwatchers (WWs)) were installed on a sample of distributed PV 
systems capturing more than half of the aggregated output of all PV systems in Carnarvon. 
For the analysis period November 2017 to November 2018, data collected from this 
representative sample was used to determine and review fluctuation and diversity factors 
currently used in Horizon Power’s approach to determining PV hosting capacity on their 
networks.  

1.1. PV fluctuation data processing and analysis 

Data processing was implemented on the Wattwatcher data with the objective of finding 
numerical values for parameters heretofore used by Horizon Power in determing hosting 
capacity. These parameters are the output fluctuation factor2, diversity factor1 and fluctuation 
factor3. These parameters were used in determing the amount of PV generation that can be 
accommodated in the Carnarvon network without causing stability issues due to cloud shading 
on the PV arrays. The results of the data processing were that the aggregated PV output 
fluctuation factors due to cloud shading was a function of time interval with an monotonic 
increasing value as the time interval increased. The normalised fluctuation factors that were 
evaluated ranged from 30 seconds up to 5 minutes, however the intervals of most interest 
were 30 seconds and 3 minutes these being the start times of the diesel and gas generators 
respectively. Also uncovered by the data processing was that simultaneous inverter triping 
caused large power changes on the network.  

The maximum PV fluctuation factor observed across all time intervals was 53% for a 60-
second interval and was due to an inverter tripping event compared to 27% due to cloud 
movement. The largest cloud induced fluctuation factor was 38.5% for a 5 minute time interval. 

While inverter tripping events require further attention and are of concern to system operators, 
the far more frequent cloud events form the basis for hosting capacity determination.  

The diversity factor1 is the link between output fluctuation factor2 and the fluctuation factor3. 
This was determined by calculation as compared to the fluctuation factor and output fluctuation 
factor that were determined from the measured data via the data processing. The diversity 

1 Diversity factor considers differing orientation, spacial spread and local effects such as shading on PV systems 
across the network. 
2 The output fluctuation factor is the fluctuation due to individual inverter/PV systems and does not moderate 
power changes due to spacial spread or orientation differences that occur between PV systems spread over a 
town. 
3 The fluctuation factor is the normalised change in PV system inverter output. This is most commonly caused 
by changes in the energy source but on occasion due to inverters tripping off the grid. 
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factor was shown to depend highly on the length of the time interval and is lower for shorter 
time intervals with the same dependency as reflected in the PV fluctuation factor. Hosting 
capacity calculations based on the reviewed factors need to consider this dependency and 
use appropriate factors for time intervals which align with generator start times in the 
respective networks. 

1.2. Voltage data analysis 

A further focus of the project work was on voltages observed at the 66 NETT Wattwatcher 
locations within the low voltage (LV) networks in Carnarvon. This Carnarvon LV voltage study 
determined 10 minutes averages of the average voltage across the three phases and showed 
that there are high voltage (+6%, 254.4V) and low voltage (-6%, 225.6V) events during the 
voltage study analysis period (September 2017 to November 2018). The number of high 
voltage events (24,245) is significantly higher compared to the number of low voltage events 
(834). This study showed a strong correlation between the overvoltage event occurrences and 
the PV generation profile.  

The voltage study was limited by its data sample (only 66 voltage points across the Carnarvon 
network) and lack of individual phase information. Furthermore, the measurement of the 
voltages is not at the point of supply (i.e. it is not a Horizon Power network voltage) but a 
voltage measured within the customer’s switchboard, which in some cases is downstream of 
a lead-in cable in excess of 30 meters.  

The initial studies show that cloud-based fluctuations do not cause excessive power level 
changes on the Carnarvon network that are of concern from a stability perspective. However 
widespread inverter tripping events that cause larger power fluctuations were observed. With 
current PV penetration levels in Carnarvon these events do not present a stability issue, 
however, problems may arise at higher penetration levels. A way forward to address issues at 
higher penetrations is to investigate voltage management and power ramping strategies via 
techniques such as inverter power quality modes, feed-in management and irradiance 
prediction processes. These strategies will be incorporated into simulations to analyse their 
impact on the Carnarvon network as part of future project activities. 
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2. Introduction  

Horizon Power is conducting a series of technology trials in the town of Carnarvon in the 
Gascoyne – Mid West region of Western Australia (WA), to explore economically efficient 
options for microgrid operation. The trials, which commenced in 2017 and are expected to 
conclude in 2020, are exploring the management of high penetration levels of Distributed 
Energy Resources (DER), cloud-based aggregation of DER into Virtual Power Plants, 
advanced data analytics, and digital apps that provide customers with data on which they can 
make informed decisions. 

Carnarvon, situated on the mouth of the Gascoyne River 900 km north of Perth, has a 
population of approx. 5,500. Horizon Power commissioned a new 13 MW gas-fired (with diesel 
peaking) Mungullah Power Station in 2014. Ownership of the power station offers the trials 
control system access, integration and optimisation options that would not be possible with an 
independent power producer operating under a power purchase agreement. 

With an economic base of predominantly primary producers, Carnarvon experienced rapid 
uptake of solar photovoltaic (PV) systems in 2008 - 2011 with higher than average system 
sizes, typically 10-30 kW, used to offset coolroom and water pumping power purchases. 

The distribution system has a high feeder and transformer loading of solar PV and requires 
sufficient spinning reserve to cover the variability in renewable energy generation caused by 
coastal weather patterns. Carnarvon was the first regional WA town to start pushing the 
boundaries of Horizon Power’s solar PV hosting capacity in 2011. The town's population has 
always held great enthusiasm for solar PV with 121 customer connected systems as well as 
two commercial solar farms operated by Solex (45 kW), which was the first privately owned 
commercial solar farm in Australia, and EMC (300 kW). 

The Carnarvon DER trials include a team of researchers from the Engineering and Energy 
Discipline at Murdoch University and aim to resolve the technical, operational and transitional 
barriers to a high penetration DER business future. By conducting a series of technology trials 
and experiments over three years involving the monitoring and control of solar PV and energy 
storage, we aim to answer questions such as: Have we fully explored the operational risks 
associated with a DER control system? Can we employ controls to manage DER in a microgrid 
to support Horizon Power’s high penetration DER future assumptions? Can such a DER 
management solution monitor and control energy storage to reduce peak demand or peak 
export? And, can the use of such a control solution be used to increase DER hosting capacity 
and penetration of renewable energy into the network?  

The project hypothesis is that, in the future, if we can gain the level of visibility and control 
over distributed energy generation that we have had over centralised power stations for the 
last few decades, we can manage the contribution from DER to increase hosting capacity and 
achieve reliable and robust microgrid operation. 

The Carnarvon DER trials aim to experientially understand how to manage DER in a microgrid 
environment, how DER orchestration can be used to remediate power quality issues and how 
a system operator can effectively exchange DER value with customers. 
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Key to the management of microgrids with high penetration DER is gaining an understanding 
of the impact of weather patterns on renewable energy generation and customer load, 
particularly cloud events, and how that renewable energy generation variability impacts the 
way the power system is operating. 

The project has engaged 82 residents and businesses with solar PV systems as participants 
in the data acquisition phase of the trials. Each participant was gifted Solar Analytics solar 
smart monitors (rebadged Wattwatchers) to separately meter their solar PV system production 
and network load every five seconds, with 139 Wattwatcher units installed in total4. By 
separately metering, we gain visibility of solar PV energy generated, Behind the Meter (BtM) 
energy consumption and solar PV exported into the network, at any given time during the day. 
In addition, we reveal the actual load, which has been masked by solar PV for over a decade. 

 

Figure 1. Solar Analytics solar smart monitors (rebadged Wattwatchers) 

The DER trials have given Horizon Power the chance to engage with industry and academic 
leaders in DER control, Virtual Power Plant, forecasting and data analytics space, building an 
ecosystem of partnerships in the pursuit of value co-creation and win-win outcomes. While 
there are contracts in place, the goal has been co-investment and interdependence. 
Continuous interaction, an agile approach to technology development, where weekly phone 
catch-ups fuelled a social process of innovation that complements an economical method of 
innovation. What would once have been considered a single value chain is changed into an 
open competency-based network of similarly minded innovators, to the benefit of the industry. 

In the following sections, this report will provide an overview of the data acquisition systems 
and results of studies into PV fluctuation and voltage rise on the Carnarvon distribution 
network. 

 

                                                             
4 Some properties required more than one Wattwatcher unit where, for example, the PV array was on an 
adjacent structure or more than one PV array were measured. 
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3. Data Collection and Approach 

Assessment and evaluation of the impacts of weather variation on Photovoltaic (PV) 
generation require a monitoring infrastructure that enables data collection of environmental 
parameters, PV generation and load information. This project uses a unique monitoring 
infrastructure comprising of a variety of data acquisition systems, as shown in Figure 5. These 
include:  

Supervisory Control and Data Acquisition (SCADA) system: Horizon Power’s SCADA 
system monitors feeder parameters (voltage, current, reactive power, real power and 
frequency) for all medium-voltage feeders (see Figure 2). There is no fixed recording rate for 
any of the logged channels in the SCADA system. Data is recorded based on a change in any 
parameter, and the timing varies depending on network activity. 

 

Mungullah Power 
Station

Switchboard at 
Iles Rd

Express Feeder A

Express Feeder B

South River Feeder

Town Feeder

South Carnarvon Feeder

North River Feeder

Babbage Island Feeder

Lake Macleod Feeder

 
Figure 2. The topology of the Carnarvon power system 

 
Advanced Metering Infrastructure (AMI): In Carnarvon, there are “smart meters” in every 
customer’s premises. These AMI devices collect billing information (energy consumption) in 
addition to other network parameters, but the AMI meters are not time-synchronised with one 
another, and the sample rate varies between 5 and 15 minutes. This leads to the situation 
where recorded electrical quantities are not time co-incident across different AMI devices, 
making time-sensitive parameters, such as peak load, inaccurate. 

Wattwatchers (WW)5: To overcome the limitations of using AMI devices for project-specific 
data acquisition, WW devices are used at selected customer locations. In total, 82 customers 
have agreed to share their load/generation data and PV system information. WW data 
(current, phase and line voltages, frequency, active and reactive power in all phases) is 
recorded with a time-stamp at 5-second intervals. Since the project participants’ systems are 
distributed across the Carnarvon network (see Figure 3 for locations), the WW data set 
provides a good indication of locational differences across the system during cloud 
movements.  

The WWs acquire voltage, current and frequency via measurement and derive the remaining 
quantities from these measurements. How measurements are actually performed can 

                                                             
5 Solar Analytics – solar smart monitors (rebadged Wattwatcher devices and referred to as Wattwatchers) 
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sometimes affect the recorded or resulting value (e.g., average values depend on the 
considered averaging time).  

The WWs record root-mean-square (RMS) values on a sliding 5-line cycle (100 ms) window. 
Waveforms are sampled at 12 MHz and a running RMS value is updated at the same rate. 
Results are extracted at 5-second intervals.  

Energy values are calculated by processing 12 MHz samples of voltage and current to get real 
and reactive quantities, and then aggregating them over the 5 second period. Power is derived 
from these energy values, which is the average power required over the 5 second period to 
result in the measured energy.  

 

Figure 3. Wattwatcher system locations 

 
Environmental parameters: Environmental data is captured through a single monitoring 
system at the Horizon Power depot in Iles Rd. It includes a Fulcrum 3D sky camera to capture 
cloud images (every 10 seconds), a SMP11 pyranometer to measure the global horizontal 
irradiance (GHI) and a weather station (Vaisala/WXT520) that measures the ambient 
temperature, relative humidity, wind speed and direction, and the atmospheric pressure.  

Power station SCADA, AMI and WW data from sentinel points around the network are 
imported to build a concise weather-energy-related dataset. Particular attention has been 
applied to the timestamping of the incoming data streams to ensure a co-incident data set that 
can support complex analysis and machine learning models. 

We have assembled a data set that builds a comprehensive picture of how changing weather 
affects renewable energy generation and customer load, and how this in-turn influences 
distribution network and power station operation. 

The database is capturing approximately 130 million data points per day, so compressed 
column store and fractal compression of data has been employed to accelerate Virtual Power 

N 

2km 



5 
 

Plant (VPP) dispatch engine queries.  This facilitates real-time decision making for DER 
control, as well as machine learning models to develop detailed forecasts of renewable energy 
generation across the entire network. 

 

Figure 4. An Industry 4.0 approach to microgrid DER optimisation 

 
During the first phase of the trials, existing PV systems were equipped with WWs. The second 
phase of the trials, completed in March 2019, saw the installation of new combined solar PV 
and battery systems at the houses of an additional ten participants. Six of the existing data 
participants also received a battery and inverter to augment their legacy PV systems, and the 
Solex commercial solar farm received an inverter upgrade to a portion of its array.  

These seventeen participants received a ‘Reposit Box’ DER controller allowing Horizon Power 
to monitor and control their DER systems through aggregation into a VPP established in the 
Reposit cloud platform. 

We have concentrated the majority of the new DER and system upgrades onto a single feeder 
with an existing moderately high penetration of solar PV. The solar PV production on the 



6 
 

Gibson Street low voltage feeder regularly exceeds the combined average load on the feeder 
at midday, exporting its excess energy into the wider Carnarvon medium voltage network. By 
installing additional DER, we have created a high penetration DER environment, to test DER 
control techniques on a live network with real customers and variable weather. 

The trials are conducting a series of experiments using customer's DER systems to investigate 
the network impact of solar PV generation and behind the meter (BtM) systems, confirming 
the viability of high penetration DER in Horizon Power’s microgrid networks. 

The team from Murdoch University then collects data to develop statistical assessments of the 
impact of time of day and seasonal weather variation on solar PV generation at different levels 
of penetration into the microgrid, as well as DigSilent Power Factory simulations, evaluating 
the power system’s stability with cloud movements and complementary spinning reserve 
control strategies. The use of Feed-in Management (FiM) strategies for solar PV and the 
effective use of short term solar forecasting to assist those control strategies is seen as the 
primary objective to meet Horizon Power’s immediate need for FiM solutions. 

The Murdoch University team is developing assessment tools to investigate and overcome 
the impacts of future increases in DER on Horizon Power networks, using a k-means 
clustering model that identifies archetype or representative low-voltage feeders for effective 
and efficient modelling of the LV networks. The tools consider the location of DER in the power 
system and provide improved visibility of issues that arise when DER penetration increases. 
An evaluation of the impacts of new features in smart inverters and an assessment of 
forecasting tools using sky imaging are supporting the development of DER control 
methodologies, which Horizon Power can apply to its entire portfolio of microgrids. 
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Figure 5. Carnarvon data acquisition systems 

 



8 
 

4. PV Output Fluctuation 

Changes in PV generation can have material and negative consequences on power system 
stability if no measures are put in place to limit rapid power level changes being imposed on 
the generation. This is particularly problematic in respect of residential PV systems since they 
are not electrically visible to system operators. Consequently changes to PV generation due 
to clouds can be synchronised, giving rise to what appears to the generators as large load 
changes in a short period of time. These changes can threaten stability leading to tripping of 
generation and ultimately blackouts. Therefore, characterising changes in PV output is of 
interest to enable estimation of power level change due to the non-visible PV systems. 

Horizon Power recently (on 1st October 2019) updated the standard technical requirements 
for renewable energy systems connected to the Low Voltage (LV) grid via inverters (Wong 
2019a), (Wong 2019b). Unchanged from previous requirements, Horizon Power continues to 
limit the amount of embedded generation capacity in its electrical systems. This fixed total 
amount, the hosting capacity, varies across Horizon Power’s portfolio of power systems and 
only considers primarily spinning reserve and generator loading capabilities, generator start 
times and step load capabilities and the estimated fluctuation of renewable energy generation. 
The fluctuation of aggregated output from distributed systems due to cloud events is of key 
concern as it may limit the PV hosting capacity in an isolated power system.  

In the hosting capacity determination process, the estimated fluctuation of renewable energy 
generation has been based on limited data sets in the past. The unique Carnarvon data set 
with PV outputs recorded by WW devices facilitates a more accurate process for renewable 
power fluctuation estimation. In this report, the PV fluctuation is calculated as the change in 
the normalised aggregated output power between time intervals (e.g., 5 seconds, 30 seconds, 
1 minute). In the literature, solar resource variability and associated power fluctuations have 
been defined by statistical methods (Perez, Lauret, et al. 2018) (Hoff and Perez 2012) (Yan, 
Saha et al. 2016). Horizon Power calculates the fluctuation factor as the product of the 
renewable installation output fluctuation factor (e.g. for PV systems this factor characterises 
the maximum expected change at the output of an individual system due to clouds) and the 
renewable system diversity factor (which considers factors such as differing orientation, local 
effects such as shading of PV systems and spatial spread of the PV systems in a power 
system). The following sections calculate and evaluate the PV fluctuation factor and its 
components for Carnarvon. Section 4.1 investigates the aggregated power fluctuations as 
evaluated from the WW data. Section 4.2 defines the fluctuation factor, presents results and 
introduces the output fluctuation factor and diversity factors that are covered in sections 4.3 
and 4.4 respectively. Section 4.5 concludes section 4 with a summary of lessons learnt. 

4.1. Methodology and results 

In order to determine the PV output variations in Carnarvon, data processing was implemented 
on the Wattwatcher (WW) data to find the maximum aggregate PV output variations due to 
cloud events in the analysis period6. From the 139 WWs available for this study, 66 measure 
the nett load (NETT WWs) and 73 measure only the PV output (GEN WWs). To define the 

                                                             
6 Analysis period is from November 2017 to November 2018. 
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maximum aggregate PV output over the analysis period, the outputs of the GEN WWs were 
added together at each timestamp, according to Eq.1.  

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡𝑖𝑖) = �𝑃𝑃𝑛𝑛

𝑚𝑚

𝑛𝑛=1

(𝑡𝑡𝑖𝑖) (1) 

where 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡𝑖𝑖) is the aggregate PV output at timestamp 𝑡𝑡𝑖𝑖, m the number of GEN WWs which 
recorded data at timestamp 𝑡𝑡𝑖𝑖, and 𝑃𝑃𝑛𝑛(𝑡𝑡𝑖𝑖) is the individual PV output of the nth GEN WW that 
recorded data at timestamp 𝑡𝑡𝑖𝑖.  

The sample aggregate PV output captured by the GEN WWs represents more than half of the 
installed PV systems in Carnarvon, which has a total PV generation capacity of approximately 
1 MW. The sample maximum aggregated PV output observed during the analysis period was 
452 kW, while the sum of the peak generation of these systems during the analysis period 
was 585 kW. The difference between maximum aggregated PV output and the sum of the 
peak PV generation can be attributed to the spatial spread of systems, differing orientation 
and local effects such as shading of PV systems. 

Database queries were implemented to return the change in the aggregate PV output for 
various intervals to find the maximum aggregate PV output variations based on Eq.2.  

∆𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 𝑥𝑥(𝑡𝑡𝑖𝑖) =  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡𝑖𝑖)−  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡𝑖𝑖 − ∆𝑡𝑡) (2) 

where ∆𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 𝑥𝑥(𝑡𝑡𝑖𝑖) is the change in aggregate PV output over the interval x=Δt at timestamp 𝑡𝑡𝑖𝑖. 
Maximum aggregate PV output variations at timeintervals of 30 seconds and 3 minutes are of 
particular interest in this study as they relate to the diesel and gas generator start times. The 
gas engine generators require about 2.5 - 3 minutes before they are able to take a load from 
a standstill, whereas the diesel generators are able to start and take a load in approximately 
30 seconds. 

The change in aggregated PV output was initially assumed to be primarily caused by cloud 
events. However, it was found that the highest aggregate PV output variations were not due 
to cloud events, but due to the widespread inverter tripping events. Both event types are 
described in more detail below.  

4.1.1 Aggregate PV output variations due to widespread inverter 
tripping events  

Synchronised inverter tripping is the cause of the largest power changes seen in the data due 
to PV systems on the Carnarvon network. This phenomenon needs to be eliminated, so an 
understanding of the possible causes is important for Carnarvon in particular and other power 
networks more generally. Initially, the location, in the data, of the most severe synchronised 
trips, is required to enable further investigations. Figure 6 displays 5-second resolution data 
of the aggregate PV output variation during a clear sky day on the 31st March 2018. Two 
widespread inverter tripping events, one at 08:18:55 with 33 inverter trips and the other at 
14:41:25 with 31 inverter trips occurred that day. Although fewer inverters tripped at the 
second trip event, this caused a higher generation loss due to higher irradiance at the time 
(the same inverters tripped at both trip events plus two extra at the first trip event). 
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Figure 6. Aggregate PV output and global horizontal irradiance on 31st March 2018 

 

Figure 7 shows the maximum variation of aggregate PV output during the analysis period with 
5 second resolution data. During this event, 41 inverters tripped which led to a 209 kW 
reduction of aggregate PV output at 10:54:35. This corresponds to a 60% drop with respect to 
the aggregate PV output before the event and a 48% reduction in aggregate PV output with 
respect to the maximum generation of 435 kW at 12:19:35 that day. There was another trip 
event with a fewer number of inverter trips (23) at 11:19:35 (indicated in Figure 8).  

 
Figure 7. Aggregate PV output on 16th December 2017 (maximum aggregate PV output 

variation during the analysis period due to a widespread inverter tripping event) 

 

An investigation into the cause of widespread inverter tripping on 16th of December 2017 led 
to the observation of high voltages being present at some of the locations where inverters 
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tripped. The voltages from GEN WW were investigated which are typically located close to PV 
inverters within the customer’s installation and hence their recorded voltages are assumed to 
be close to the voltages observed by the PV inverters. These voltages for four selected 
inverters (denoted as A, B, C and D) during the inverter trip events were plotted and are 
displayed in Figure 8. Two inverters have been randomly selected out of 73 systems from 
different LV networks, and HV feeders and two have been selected from the Gibson LV 
network (C and D). Two of these inverters tripped in both events (A & D) while the other two 
stayed connected (B & C). Figure 8a shows the 10 minutes moving average of the average 
voltage across the three phases for the selected inverters on 16th of December 2017 while 
Figure 8b shows the average voltage across the three phases of the same inverters on the 
same day for each WW recording interval of 5 seconds. Figure 8 reveals that prior to both 
inverter trip events, there were occurrences of higher voltage levels, where inverters stayed 
connected. In addition to the two widespread inverter trip events on this day, inverter D tripped 
several times during the period shown in Figure 8b. This figure also shows that there were 
several cases with voltages higher than 260 volts observed by inverter D. For example, 
inverter D tripped at 11:16:20 after a recorded voltage of 263.2 volts. However, there were 
also occurrences of higher voltages than 263.2 V when inverter D did not trip (see Figure 8b). 

Although the investigations showed that high voltage occurrences were present prior to 
inverter trip events, they could not be reliably linked to inverter trip events. The resolution of 
the WW data, the measurement methods of the WWs and inverters and unknown inverter 
settings prevent reliable determination of the cause of inverter trip events.  

As the frequency measured by the Wattwatchers associated with these inverters indicated no 
frequency disturbances prior to the trip events, additional SCADA data for selected events 
were obtained and reviewed. This investigation revealed that there were frequency excursions 
prior to instances of widespread inverter trip events. However, again it was difficult to reliably 
link these frequency excursions to trip events, due to unknown inverter settings, the resolution 
of the WW data, and the variation in the time it took for the trip events to occur after a frequency 
excursion.  

In comparing the inverters affected by the trip events, specific inverters stood out to trip more 
frequently than others. A review of these inverters’ settings is recommended to identify any 
probable link to trip events. 
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(a)  

 
(b)  

Figure 8. The voltage of four selected inverters on 16th December 2017 (PV systems A and D 
tripped in both events while PV systems B and C stayed connected); a) 10 minutes moving 

average of the average voltage across the three phases, b) average voltage across the three 
phases determined from 5-second voltage samples 

 
Further investigation led to the observation of a load change at 10:54:00 on one of the radial 
HV feeders of the Carnarvon network supplying the salt mine at Lake MacLeod (see Figure 
16). The load change on the Lake MacLeod feeder and the tripping of 41 PV inverters are 
reflected in the loading of both express feeders A and B (also shown in Figure 16), which 
connect the power station with the Carnarvon network. Despite the loss of more than 200 kW 
of PV generation at 10:54:00, the loading of these two express feeders was reduced due to 
the load drop on the Lake Macleod HV feeder of around 760 kW. It is possible that a transient 
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over-voltage and/or frequency excursion due to the load change contributed to the widespread 
inverter tripping. 

 
(a)  

 
(b)  

Figure 9. a) Aggregate PV output and global horizontal irradiance on 2nd December 2017, b) 
Enlarged portion of (a) 

4.1.2 Aggregate PV output variations due to cloud events 

Gaining an understanding of how distributed PV systems respond to cloud shading at the 
aggregated level will facilitate managing high penetration of PV systems in power grids. Figure 
9 displays the maximum aggregate PV output variation (decrease) in a five-minute time 
interval during the analysis period. It illustrates a 202 kW PV generation decrease at 13:00:10 
on 2nd December 2017. This corresponds to a 50% drop with respect to the aggregate PV 
output before the event and a 49% reduction in aggregate PV output with respect to the 
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maximum generation of 411 kW at 11:55:50 that day. This event is also reflected in the SCADA 
data (Figure 17). Figure 17a and Figure 17b show a 205 kW and 195 kW load increase on 
Express HV feeder A and Express feeder B respectively during the PV generation loss.  

Figure 10 shows the maximum aggregate PV output fluctuations due to cloud events from 5 
to 300 second time intervals. It was observed that for shorter time intervals, the cloud had less 
effect on changes in aggregate PV output than longer time intervals. For example, the highest 
PV fluctuation at a time interval of 5 seconds is less than 50 kW while it is more than 200 kW 
at a time interval of 5 minutes. 

 

 
Figure 10. Maximum aggregate PV output fluctuation due to cloud events over different time 

intervals 

4.2. PV fluctuation factor  

To calculate the PV fluctuation factor (𝑓𝑓𝑅𝑅𝑅𝑅), the first step was to divide the total generation of 
all PV systems with WWs (Eq.1) by the sum of the maximum PV output of each individual 
system that occurred during the analysis period, to find the normalised aggregate PV output 
(Eq.3). PV generation was taken to include real power7 but not reactive power8.  

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎_𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚(𝑡𝑡𝑖𝑖) =
∑ 𝑃𝑃𝑛𝑛𝑚𝑚
𝑛𝑛=1  (𝑡𝑡𝑖𝑖)

∑ 𝑃𝑃𝑛𝑛_𝑚𝑚𝑎𝑎𝑥𝑥
𝑚𝑚
𝑛𝑛=1  

 (3) 

where 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎_𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚(𝑡𝑡𝑖𝑖) is the normalised aggregate PV output at timestamp 𝑡𝑡𝑖𝑖 and 𝑃𝑃𝑛𝑛_𝑚𝑚𝑎𝑎𝑥𝑥  the 
maximum PV power output over the analysis period for the nth WW.   

Then, the fluctuation factor is derived for various time intervals based on Eq.4.  

                                                             
7 The power in watts which is actually consumed or utilised in an AC Circuit 
8 Reactive power is the resultant power in watts of an AC circuit when the current waveform is out of phase 
with the waveform of the voltage 



15 
 

𝑓𝑓𝑅𝑅𝑅𝑅 = ∆𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎_𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚   𝑥𝑥(𝑡𝑡𝑖𝑖) =  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎_𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚(𝑡𝑡𝑖𝑖) −  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎_𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚(𝑡𝑡𝑖𝑖 −  ∆𝑡𝑡) (4) 

 

where 𝑓𝑓𝑅𝑅𝑅𝑅 is the fluctuation factor, ∆𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎_ 𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚   𝑥𝑥(𝑡𝑡𝑖𝑖) is the change in aggregate PV output 
power over the interval x=∆t at timestamp 𝑡𝑡𝑖𝑖 (e.g., ∆t can be 30 seconds, 3 minutes or 5 
minutes).  

The fluctuation factor can be negative (𝑓𝑓𝑅𝑅𝑅𝑅_𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛) when the aggregate PV output drops 
(Eq.5), or positive (𝑓𝑓𝑅𝑅𝑅𝑅_𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅) when the aggregate PV output increases (Eq.6). The maximum 
fluctuation factor (𝑓𝑓𝑅𝑅𝑅𝑅_𝑀𝑀𝑎𝑎𝑥𝑥) is the maximum magnitude of the change in the aggregate PV 
system output, whether increasing or dropping, over the analysis period (Eq.7) and can be 
further separated into different categories, such as including fluctuations caused by inverter 
trip events only or including cloud events only.  

 𝑓𝑓𝑅𝑅𝑅𝑅_𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛 = 𝑓𝑓𝑅𝑅𝑅𝑅 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑓𝑓𝑅𝑅𝑅𝑅 < 0 (5) 

 𝑓𝑓𝑅𝑅𝑅𝑅_𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅 = 𝑓𝑓𝑅𝑅𝑅𝑅  𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑓𝑓𝑅𝑅𝑅𝑅 > 0 (6) 

 𝑓𝑓𝑅𝑅𝑅𝑅_𝑀𝑀𝑎𝑎𝑥𝑥 = 𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴𝐴𝐴𝐴𝐴(𝑓𝑓𝑅𝑅𝑅𝑅))   (7) 

Figure 11 shows the maximum normalised PV fluctuation factor for 5-second to 5-minute time 
intervals calculated based on the real power output of GEN WWs. The results show 
widespread inverter tripping and cloud events, with the highest PV fluctuation due to 
widespread inverter tripping events. Following each tripping event, the inverters will reconnect 
to the grid after around one minute. Therefore, during a 60-second interval, on the 16th 
December 2017 at 10:53:45, the maximum variation in PV output was 53% due to a 
widespread inverter tripping event. (Figure 7). For a 5-minute interval, the maximum PV 
fluctuation factor due to widespread inverter tripping was 49% whereas it was 38.5% for cloud 
events. 

Table 1. Number of PV output fluctuations 

 ∆𝑃𝑃𝑃𝑃𝑃𝑃_ 𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚   𝑥𝑥 

60-second Time Interval 300-second Time Interval 

Cloud 
Events  

Inverter Trip 
and 

Subsequent 
Reconnection 

Events 

Cloud Events 

Inverter Trip 
and 

Subsequent 
Reconnection 

Events 

Fa
llin

g 

-0.6 to -0.5 0 5 0 0 
-0.5 to -0.4 0 30 0 50 
-0.4 to -0.3 0 95 99 108 
-0.3 to -0.2 12 93 1,503 98 
-0.2 to -0.1  1,844 52 16,692 96 
-0.1 to 0.0 1,225,147 179 1,125,139 1,108 

R
is

in
g 

0.0 to 0.1 1,224,161 709 1,092,911 18,283 
0.1 to 0.2 1,946 108 18,105 85 
0.2 to 0.3 11 93 1,416 125 
0.3 to 0.4 0 8 95 122 
0.4 to 0.5 0 0 0 19 
0.5 to 0.6 0 0 0 1 
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While the values of maximum normalised PV output fluctuations due to the widespread 
inverter tripping events are higher than those due to cloud events, the occurrence of 
widespread inverter tripping events is much lower than cloud events (see Table 1). 
Widespread inverter trip events are of concern to isolated network operators, and the root 
causes of these events need to be identified and addressed from the outset. The basis for 
hosting capacity estimates should be the frequently occurring PV fluctuations due to cloud 
events, which are considered below. 

The fluctuation factor is calculated by taking the difference between the normalised aggregate 
PV output for different time intervals. This factor could be used in other situations to estimate 
the output power change of a PV system by multiplying the fluctuation factor with the rating of 
the PV system. This may give an over-estimate of the output power change, and there are a 
number of reasons for this. First, the normalisation process for the fluctuation factor is based 
on the output change divided by the maximum output of the system recorded over the whole 
analysis period. This value is typically close to or just below the PV array rating9. Second, the 
PV system output is dependent on the inverter rating10 and the PV array rating.  

𝑓𝑓 𝑅𝑅
𝑅𝑅

_𝑀𝑀
𝑀𝑀𝑀𝑀

 

 

Figure 11. Maximum normalised PV output fluctuation fRF_Max 

 
If the inverter rating is larger than the PV array rating, the output power is determined by the 
PV array power minus losses. If the PV array rating is more than the inverter rating, the output 
from the system is limited by the inverter maximum power set point. This latter limitation is 
with regard mainly to the peak output of the PV system. However, if the PV array rating is 
more than about 130% of the inverter rating, then the inverter will limit output from the array 
for longer durations and at times under continuous as well as peak operation.  

                                                             
9 This is the total power rating of all of the PV panels forming the PV array. It is the panel power rating 
multiplied by the number of panels in the array.  
10 The inverter rating is the amount of power that the inverter can transfer between the PV array and the 
public grid. This can be less than or greater than the PV array power rating. 
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These issues can make it difficult to assign ratings to PV systems on a one size fits all basis. 
Using the inverter rating is useful when the PV array rating is above or similar to the inverter 
rating. However, when the inverter rating is significantly larger than the PV array rating, the 
latter is more indicative. The result is that using the PV system ratings (either inverter or PV 
array rating) multiplied by the fluctuation factor will tend to over-estimate the power change 
level. 

Based on Horizon Power’s hosting capacity determination process, the fluctuation factor is 
defined as a product of the diversity factor and the average maximum output fluctuation factor 
(Eq.8).  

𝑓𝑓𝑅𝑅𝑅𝑅 = 𝑓𝑓𝐷𝐷𝐷𝐷𝑃𝑃 × 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑀𝑀𝑎𝑎𝑥𝑥 (8) 

where 𝑓𝑓𝐷𝐷𝐷𝐷𝑃𝑃 and 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑀𝑀𝑎𝑎𝑥𝑥 are the diversity factor and the average maximum output 
fluctuation factor, respectively.  

The maximum output fluctuation factor characterises the maximum expected change in the 
normalised output of each PV system due to cloud shading events. Another diversity effect is 
the spatial spread of the PV systems, which leads to a slower power ramping rate compared 
to the output fluctuation. This spatial diversity, along with the different orientations and power 
ratings play a lead role in reducing the power ramp rate of the aggregated output of distributed 
PV systems due to cloud events. This analysis focuses on the overall fluctuation factor. 

For Carnarvon, the PV diversity factor and average maximum output fluctuation factor are both 
considered to be equal to 0.7, which result in a PV fluctuation factor of 0.49. However, Figure 
11 shows that for the analysis period, the PV fluctuation factor for 30-seconds, 3-minutes and 
5-minutes intervals is lower, at 0.17, 0.32 and 0.39, respectively.  

Since the fluctuation factor has been defined above (Eq. 8) as a function of the diversity factor 
and the output fluctuation factor, the following section will consider the output fluctuation factor 
of each individual PV system for the above mentioned time intervals and then calculate the 
diversity factor based on the two other variables of Eq.8.  

4.3. Output fluctuation factor 

To calculate the individual output fluctuation factor (𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅), the individual output of each GEN 
WW is normalised based on Eq.9.  

𝑃𝑃𝑃𝑃𝑃𝑃−𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚(𝑡𝑡𝑖𝑖) =
𝑃𝑃𝑃𝑃𝑃𝑃−𝑛𝑛𝑅𝑅𝑅𝑅  (𝑡𝑡𝑖𝑖)
𝑃𝑃𝑃𝑃𝑃𝑃−𝑀𝑀𝑎𝑎𝑥𝑥  

           (9) 

where 𝑃𝑃𝑃𝑃𝑃𝑃_ 𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚(𝑡𝑡𝑖𝑖) is the normalised PV output at timestamp 𝑡𝑡𝑖𝑖, 𝑃𝑃𝑃𝑃𝑃𝑃_ 𝑛𝑛𝑅𝑅𝑅𝑅  (𝑡𝑡𝑖𝑖) is the PV output 
at timestamp 𝑡𝑡𝑖𝑖 and 𝑃𝑃𝑃𝑃𝑃𝑃_ 𝑀𝑀𝑎𝑎𝑥𝑥 the maximum PV power output over the analysis period.  

Then, the individual output fluctuation factor at each timestamp is derived for various time 
intervals based on Eq.10.  

𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅 = ∆𝑃𝑃𝑃𝑃𝑃𝑃_ 𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚   𝑥𝑥(𝑡𝑡𝑖𝑖) =  𝑃𝑃𝑃𝑃𝑃𝑃_ 𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚(𝑡𝑡𝑖𝑖) −  𝑃𝑃𝑃𝑃𝑃𝑃−𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚(𝑡𝑡𝑖𝑖 − ∆𝑡𝑡) (10) 

where ∆𝑃𝑃𝑃𝑃𝑃𝑃_ 𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚   𝑥𝑥(𝑡𝑡𝑖𝑖) is the change in individual PV output power over the time interval x=∆𝑡𝑡 
at timestamp 𝑡𝑡𝑖𝑖, where ∆𝑡𝑡 is 30 seconds, 3 minutes or 5 minutes. 
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The individual output fluctuation factor can be negative (𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅_𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛) when the PV output 
drops due to cloud cover (Eq.11), or positive (𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅_𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅) when the clouds disappear and the 
PV output increases (Eq.12). The maximum individual output fluctuation factor (𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅_𝑀𝑀𝑎𝑎𝑥𝑥) is 
the maximum change in the magnitude of normalised PV output increases or drops over the 
analysis period (Eq.13).  

 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅_𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛 = 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅  𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅 < 0 (11) 

 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅_𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅 = 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅  𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅 > 0 (12) 

 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅_𝑀𝑀𝑎𝑎𝑥𝑥 = 𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴𝐴𝐴𝐴𝐴(𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅))   (13) 

4.4. Diversity factor  

Based on Eq.8, the diversity factor (𝑓𝑓𝐷𝐷𝐷𝐷𝑃𝑃) is the ratio of fluctuation factor (𝑓𝑓𝑅𝑅𝑅𝑅) over the average 
maximum output fluctuation factor (𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑀𝑀𝑎𝑎𝑥𝑥). In the following sections, the diversity factor 
is calculated for 30-second, 3-minute and 5-minute intervals. To calculate the diversity factor 
for different categories of fluctuation (𝑓𝑓𝐷𝐷𝐷𝐷𝑃𝑃_ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛, 𝑓𝑓𝐷𝐷𝐷𝐷𝑃𝑃_ 𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅 or 𝑓𝑓𝐷𝐷𝐷𝐷𝑃𝑃_ 𝑀𝑀𝑎𝑎𝑥𝑥), the maximum 
fluctuation factor over the analysis period (𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴𝐴𝐴𝐴𝐴(𝑓𝑓𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛)), 𝑀𝑀𝑀𝑀𝑀𝑀(𝑓𝑓𝑅𝑅𝑅𝑅−𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅) or 𝑓𝑓𝑅𝑅𝑅𝑅_𝑀𝑀𝑎𝑎𝑥𝑥) 
is divided by the average of the maximum output fluctuation factors of the 73 GEN WWs 
(𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛, 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅  𝑜𝑜𝑜𝑜 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑀𝑀𝑎𝑎𝑥𝑥) over the same analysis period (Eqs.14-
19).   

𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛 =
∑ Max

𝑛𝑛
𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛𝑚𝑚

𝑛𝑛=1

𝑚𝑚
 

(14) 

𝑓𝑓𝐷𝐷𝐷𝐷𝑃𝑃_ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛 =
𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴𝐴𝐴𝐴𝐴(𝑓𝑓𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛))

𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛
 

(15) 

𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅 =
∑ Max

𝑛𝑛
𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅𝑚𝑚

𝑛𝑛=1

𝑚𝑚
 

(16) 

𝑓𝑓𝐷𝐷𝐷𝐷𝑃𝑃_ 𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅 =
𝑀𝑀𝑀𝑀𝑀𝑀(𝑓𝑓𝑅𝑅𝑅𝑅−𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅)
𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅

 
(17) 

𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑀𝑀𝑎𝑎𝑥𝑥 =
∑ 𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝑀𝑀𝑎𝑎𝑥𝑥𝑛𝑛
𝑚𝑚
𝑛𝑛=1

𝑚𝑚
 

(18) 

𝑓𝑓𝐷𝐷𝐷𝐷𝑃𝑃_ 𝑅𝑅𝑅𝑅𝑅𝑅_𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅 =
𝑓𝑓𝑅𝑅𝑅𝑅_𝑀𝑀𝑎𝑎𝑥𝑥

𝑓𝑓𝑂𝑂𝑃𝑃𝑅𝑅−𝐴𝐴𝐴𝐴𝑅𝑅−𝑀𝑀𝑎𝑎𝑥𝑥
 (19) 

Figure 18, Figure 20 and Figure 22 in Appendix_3 show the frequency distribution of the 
maximum output fluctuation factors for 30-second, 3-minute and 5-minute time intervals, 
respectively. These figures show that the maximum output fluctuations occurred primarily 
during the months August to December in Carnarvon, with October and November being the 
months with the highest occurrence of maximum output fluctuations. Figure 19, Figure 21 and 
Figure 23 in Appendix_3 show the hourly frequency distribution of the maximum output 



19 
 

fluctuation factor for 30-second, 3-minute and 5-minute time intervals, respectively during the 
analysis period. For a 30-second time interval, the majority of maximum output fluctuations 
occurred around noon (Figure 19) when the solar irradiance is at its maximum level, and small 
clouds can result in a high, rapid(within 30 seconds) output fluctuation. By increasing the time 
intervals to 3-minute and 5-minute (Figure 21 and Figure 23, respectively), more maximum 
output fluctuations occur in the morning and afternoon. Figure 12 shows an example of 
maximum output fluctuation factors of GEN WWs on 13th October 2018. 17 WWs recorded the 
maximum output fluctuation factors on this day, and Figure 22 shows that most of the 
maximum 5-minute output fluctuation factors occurred in October. Most of the maximum 
fluctuation factors occurred in the afternoon. These are likely to depend on several factors 
such as solar irradiance level, cloud opacity, cloud speed and cloud direction and would 
require a more in-depth meteorological analysis, which was beyond the scope of this study. 
The aggregate PV fluctuation factor is also highlighted in this figure.  

 

Figure 12. Maximum fluctuation factor of 73 Gen WWs for a 5-minute time interval on 13th 
October 2018 

Figure 13 presents the average of maximum output fluctuation factors, maximum fluctuation 
factor and diversity factor for 30-second, 3-minute and 5-minute time intervals during the 
analysis period. It illustrates that the average of the maximum output fluctuation factors (Eq.18) 
is always more than 70% and varies only slightly for the different time intervals. However, the 
maximum fluctuation factor (Eq. 7) has a high dependence on the length of the time interval 
and is lower for shorter time intervals due to the smoothing related to primarily the spatial 
diversity of the PV systems in Carnarvon. This difference is reflected in the diversity factor 
(Eq.19), which varies for different time intervals (lower for shorter time intervals, higher for 
longer time intervals).  
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Figure 13. Average of maximum output fluctuation factors, maximum fluctuation factor and 

diversity factor for 30-second, 3-minute and 5-minute time intervals during the analysis period 

4.5. Summary of lessons learnt 

The unique monitoring infrastructure of this project enables the data collection from a sample 
of distributed PV systems capturing more than half of the aggregated output of all PV systems 
in Carnarvon. The sample aligns well in its spatial distribution with the overall distribution of 
PV generation in Carnarvon. For the analysis period November 2017 to November 2018, data 
collected from this representative sample was used to determine and review fluctuation factors 
currently used in Horizon Power’s approach to determining PV hosting capacity on their 
networks.  

The fluctuations in aggregated PV output and corresponding factors have been investigated 
for specific time intervals, e.g. 30 seconds and 3 minutes, which correspond to the minimum 
diesel and gas generator start times in Carnarvon, respectively.  

The aggregated PV output fluctuations of interest are in most instances caused by cloud 
movements and in few instances caused by inverter tripping events. However, the latter 
causes the highest aggregate PV fluctuations, particularly for the shorter time intervals. The 
maximum PV fluctuation factor observed (53% for a 60-second interval) was due to an inverter 
tripping event (as opposed to 27% due to cloud movement, less than half of the maximum PV 
fluctuation factor due to the inverter tripping event).  

An attempt was made to analyse the causes of events where multiple inverters tripped. In one 
instant an event could be related to a significant load change (drop) on one Carnarvon feeder 
and associated system-wide transient during a time of day of high PV generation availability, 
but the limitations of the measurement methods and unknown inverter settings prevent reliable 
determination of the causes of inverter tripping events.  

While inverter tripping events require further attention from system operators, the far more 
frequent cloud events should form the basis for limiting hosting capacity; hence a key focus of 
this study was to determine the fluctuation due to cloud movement. The study showed a 
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maximum PV fluctuation factor of 38.5% over a 5-minute interval due to cloud events based 
on the sample of distributed PV generation. This is a lower factor than that previously 
estimated for Carnarvon of 49%, indicating that additional hosting capacity was available on 
the system. This was addressed with the release of additional hosting capacity in June 2019.  

The study went on to capture diversity and output fluctuation for the sample of distributed PV 
systems, as described by two further factors in Horizon Power’s current hosting capacity 
determination approach. The results showed good alignment with the previous assumptions 
made for output fluctuations of individual PV systems (70% for Carnarvon). For the sample, 
the average maximum output fluctuation factor ranged between 72.7% (30-second interval) 
and 77.9% (5-minute interval). The diversity factor (which considers, for example, differing 
orientation, local effects such as shading of PV systems and spatial spread of the PV systems 
in a power system) was shown to depend highly on the length of the time interval and is lower 
for shorter time intervals due to the spatial diversity of PV systems. The same dependency is 
reflected in the PV fluctuation factor, with lower factors present for shorter time intervals and 
higher factors occurring for longer time intervals. Hosting capacity calculations based on the 
reviewed factors need to consider this dependency and use appropriate factors for time 
intervals which align with generator start times in the respective networks.  
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5. Voltage rise issues in Carnarvon 

Voltage rise occurs due to generation from distributed PV exceeding power consumption on 
the local LV network. Power flows on the network reverse causing voltages in the vicinity of 
the PV systems to rise above the voltage at the network origin. This can cause voltages to 
become excessive and damage sensitive electrical equipment also connected to the local 
network. 

In August 2018, an incident of localised voltage rise in Carnarvon at a PV installation 
connected to the Gibson Street LV network was observed by the project team. This and the 
observation of incidents of inverter tripping events, possibly triggered by high voltage 
conditions on LV networks led to a more in-depth evaluation of the WW data with respect to 
localised voltage rise. The results of this Carnarvon LV voltage study are presented in this 
section.  

In defining voltage issues, the current-voltage criterion for Horizon Power LV networks is 240 
V ± 6% or 225.6 V to 254.4 V RMS. This is somewhat of a conservative voltage standard when 
contrasted with the Australian standard AS60038, which defines a nominal voltage of 230 V 
with an allowable range from 216.2 V to 253 V (-6% to +10%), and the international standard 
IEC60038, which defines a nominal voltage of 230 V with an allowable range from 207 V to 
253 V (-10% to +10%). Table 2 presents the LV voltage criteria for Horizon Power, AS60038 
and IEC60038. 

Table 2. LV voltage criteria 

 Lower 
Limit 
(V) 

Nomin
al 

(V) 

Upper 
Limit 
(V) 

Horizon 
Power 

225.6 240 254.4 

AS60038 216.2 230 253 

IEC60038 207 230 253 

 

5.1. Methodology and results  

This Carnarvon LV voltage study was based on WW data for an analysis period from 
September 2017 to November 2018. Line-to-Ground voltages for Phase A, B and C were 
used, and the average of the three-phase voltages at each timestamp was calculated for this 
analysis. The use of single-phase voltages could lead to different results for each phase due 
to the imbalance of the three phases. This was not investigated in this study since consistent 
phase allocation between Wattwatchers could not be reliably confirmed with the resources 
available to the project.  

Ten-minute averages of the average phase to ground voltages recorded by NETT WWs were 
of interest, and chosen for the data sample of this study, as it was assumed that the NETT 
WWs are installed close to the point of supply and thus, the voltage reading of NET WWs to 
be closer to the Horizon Power LV network voltage than that of the GEN WWs. When the 
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average phase voltage increased above 254.4 V this was considered a high voltage event”, 
and when it dropped below 225.6 V, this was considered a “low voltage event”. The study then 
allocated the high voltage and low voltage events to individual HV feeders and LV networks. 

 
(a)  

 
(b)  

Figure 14. Frequency distribution of high and low voltage events over 24 hours; a) High 
voltage events, b) Low voltage events 

The study revealed that there was a much higher number of high voltage events recorded by 
WWs during the analysis period than low voltage events (24,246 high voltage events, Figure 
24, compared to 839 low voltage events, Figure 25). It should be noted that if Horizon Power 
adopts the IEC60038 standard, the low voltage limit will reduce to 207 volts. The number of 
low voltage events will then reduce to only 103 events, as indicated in Figure 25.  
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The effect of PV generation on the network voltage during PV generation hours is noticeable 
from Figure 14. This figure illustrates the frequency distribution of high (Figure 14a) and low 
voltage events (Figure 14b) in relation to the time of day. Figure 14a has a characteristic very 
similar to the daily PV generation profile. The events during the non-PV generation period in 
this figure were mostly related to one specific LV network, the Carnarvon Airport LV network. 
Most of the high voltage events for this network occurred during the night-time (when there 
was no PV generation). Figure 14b shows that most of the low voltage events occur during 
peak load times in the afternoon and evening. 

Figure 26 in Appendix_4 displays the number of high and low voltage events at the HV feeder 
level (Figure 26a), and the distribution transformer level (Figure 26b). This analysis allows for 
identifying feeder and LV network-specific issues and consequently can lead to 
recommendations for tailored measures for the specific networks. For example: 

• The Babbage Island HV feeder had the highest number of high voltage events (9,894).
This feeder includes nine distribution transformers and corresponding LV networks
which have PV systems and WWs installed. All the high voltage events observed on
this feeder were related to one LV network (Finnerty). A recommendation for this
network could be lowering the LV transformer tap position to reduce the voltage at the
secondary side of the transformer. No low voltage events were recorded for the
Babbage Island HV feeder.

• The South Carnarvon HV feeder had fewer high voltage events compared with other
HV feeders (except North River HV feeder which had the lowest number of high voltage
events), but the highest number of low voltage events, with the majority of those being
on the Richardson LV network (486 low voltage events with no high voltage events
recorded). A recommendation for this network could be raising the tap position of the
transformer.

• The South River HV feeder recorded the second-highest number of high voltage
events from its WWs and also had low voltage events recorded. Of all its LV feeders,
the Gibson LV feeder had the most events. Changing the transformer tap settings for
LV networks such as Gibson which have both high and low voltage events is not
recommended. One suggestion is to use the voltage response function of PV inverters
on this network. This requires that the installed inverters support voltage control modes
which are only the case in recent PV installations (after 2015). Further solutions could
include the use of distribution transformers with online tap changing and line drop
compensation capabilities.

The voltage profile of the Gibson LV network is presented in Figure 15 (10-minute average). 
This LV network had many both high and low voltage events. Figure 15a illustrates the voltage 
profile on 5th August 2018 at 13:30:00, when the PV systems generated power leading to 
localised voltage rise. The voltage of both NETT and GEN WWs are presented. The x-axis 
shows the distance of each customer to the LV transformer. As assumed, the voltage of GEN 
WWs is equal to or higher than the voltage of NETT WWs, where the voltage difference 
depends on the distance and type of connection between them. For some of the nodes such 
as A2, C1 and D, the voltage of both NETT and GEN WWs were the same. This implies that 
the NETT and GEN WWs are located very close to each other. For other nodes (C1, C2 and 
C3) a significant difference between the voltages of NETT and GEN WWs can be observed.  
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(a)  

 
(b)  

Figure 15. Gibson LV network voltage profile (10-minute average); a) 5th August 2018 at 
13:30:00, b) 13th January 2018 at 17:30:00 

Figure 15a also illustrates that there were four NETT WWs which recorded 10-minute average 
voltages higher than the limit of 254.4 V (C1, C2, C3 and D). Figure 15b illustrates the voltage 
profile of the Gibson LV network on 13th January 2018 at 17:30:00, when there was no or 
minimal PV generation, and the load was considerably high. As assumed, the voltage of the 
NETT WWs was higher than the voltage of the GEN WWs, except for A2, C1 and D which are 
equal indicating the NETT and GEN WWs are placed at the same location. Also, the voltage 
of GEN WWs for C1and C2 is higher than the voltage of NETT WWs. This depends on the PV 
system size and the load behaviour at the presented time. Figure 15b shows there were two 
systems which recorded 10-minute average voltages lower than the limit of 225.6 V (A3 and 
D). 
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5.2. Summary of lessons learnt 

The Carnarvon LV voltage study showed that there are both high voltage (+6%, 254.4V) and 
low voltage (-6%, 225.6V) events over the analysis period recorded by 66 NETT WWs, with 
the number of high voltage events (24,245, Figure 24) being significantly higher compared to 
low voltage events (834, Figure 25). It should be noted that the classification of a voltage of 
225.6V as a low voltage event is conservative, especially in light of the ongoing alignment of 
Australian voltage standards with international voltage standards. When considering the lower 
limit of 207 volts from IEC60038 for the classification of a low voltage event, the number of 
low events reduces from 834 to 103 (see also Figure 25). 

The frequency distribution of high voltage events plotted against time of day correlates strongly 
with the PV generation profile. The low voltage events are mostly occurring during peak load 
times in the afternoon or evening.  

The study is limited by its data sample (66 voltage points across the Carnarvon network) and 
lack of individual phase information. Furthermore, the measurement of the voltages is not at 
the point of supply (i.e. it is not a Horizon Power network voltage) but a voltage measured 
within the customer’s switchboard, which in some cases is downstream of a lead-in cable in 
excess of 30 meters potentially exacerbating high voltage events.  

Hence only limited initial recommendations and suggestions to overcome voltage issues in 
Carnarvon are possible. Measures addressing voltage issues need to be selective and based 
on individual LV network behaviour. A review of load and PV generation balancing across 
phases is recommended. Voltage rise issues can be exacerbated by inadequate conductors 
between the point of supply and the switchboard and/or between the switchboard and the PV 
inverter. Strategies to deal with this issue need to be devised and implemented. 
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6. Summary 

This report provides an overview on Horizon Power’s “Distributed Energy Resources (DER) 
trials in Carnarvon”, a collaborative research project with Murdoch University, which aims to 
overcome technical, operational and transitional barriers to enable high penetration DER in 
remote networks.  The report introduces the project, its aims and its unique monitoring and 
control infrastructure and presents initial results of studies into aggregate PV output fluctuation 
and voltage rise on the distribution network of Carnarvon.  

Output power from PV systems across Carnarvon was aggregated and power fluctuations for 
various time differentials Δt were determined. The results of these assessments indicated a 
fairly constant fluctuation factor fRF as a function of Δt for the worst-case fluctuations. These 
fluctuations were due to multiple inverters tripping simultaneously. For power fluctuations 
caused by cloud shading of PV systems around Carnarvon fRF is a monotonically increasing 
function of Δt. The power fluctuations of individual PV systems, fOPF, were assessed, and these 
also had no functional dependence on Δt. The fluctuation factor, fRF, can be modelled as a 
product of the output fluctuation factor, fOPF, and the diversity factor fDIV. The diversity factor, 
fDIV, is a measure of differences between individual PV systems across a region smoothing 
out the effect of fluctuations. 

An attempt was made to analyse the causes of events where multiple inverters tripped that 
resulted in large fluctuations. In one instance, an event could be related to a significant load 
change (drop) on one Carnarvon feeder and associated system-wide transient during a time 
of day of high PV generation availability. Although the results of the investigations showed that 
frequency excursions and high voltage occurrences were present prior to inverter trip events, 
they could not be reliably linked to inverter trip events. The resolution of the WW data, the 
measurement methods of the WWs and inverters and unknown inverter settings prevent 
reliable determination of the cause of individual and widespread inverter trip events. 

The aggregated power fluctuations of most interest are caused by the more frequently 
occurring cloud movements. However, inverter trip induced aggregate power fluctuations are 
larger and faster, being more problematic for network operators due to the higher power 
ramping rate. It is vital for network operators to resolve issues causing these trip events to 
facilitate increased hosting of PV systems. Also, there is a regulatory dimension to this issue 
that inverters appear to be too easily tripped off grids that are not islanded. Moreover, there 
does not appear to be instances of inverter systems islanding in normal service situations 
because the coincidence of a load match and a trip is very unlikely. 

A voltage study using WW measured voltages behind the meter of premises with WWs was 
performed. These WWs were typically located close to the Carnarvon network. The criteria for 
defining high and low voltages used in this study was 240V ±6%. Voltages outside this range 
were considered high voltages (above) and low voltages (below) and indicated a potential 
issue. The number of high voltages (24,245) was significantly more frequent than low voltages 
(834). Plotting the number of high voltage events against the time-of-day of occurrence has a 
profile that correlates strongly with the daily irradiance profile. The low voltage events occur 
in the afternoon or early evening during the residential peak load time. 
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This study is an initial investigation into the apparent voltage caused tripping of inverters on 
the Carnarvon network. Despite there being significant high voltage events, the presence of 
low voltage events indicates simple tap changes to a lower voltage may solve one problem 
and create another. 

Strategies currently being canvased (such as feed-in management and the use of inverter 
power quality modes) will be analysed to assess the best approach to address the issues 
highlighted in this report and going forward to manage voltage and power fluctuations as PV 
penetration levels increase. 
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8. Appendices 

8.1. Appendix_1 

 
(a)  

 
(b)  

 
(c)  

Figure 16. HV Feeder loading on a) Express Feeder A, b) Express Feeder B, c) Lake Macleod 
on 16th December 2018. 
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8.2. Appendix_2 

  
(a)  

 
(b)  

Figure 17. 2nd December 2017, HV Feeder loading; a) Express Feeder A, b) Express Feeder B 
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8.3. Appendix_3 

 
Figure 18. Time of the year when the maximum output fluctuation (reduction, rise or both) 
occurs for the 73 GEN Wattwatchers during the analysis period (30 second time interval) 

 

 

Figure 19. Time of the day when the maximum output fluctuation (reduction, rise or both) 
occurs for the 73 GEN Wattwatchers during the analysis period (30 second time interval) 
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Figure 20. Time of the year when the maximum output fluctuation (reduction, rise or both) 
occurs for the 73 GEN Wattwatchers during the analysis period (3 minute time interval) 

Figure 21. Time of the day when the maximum output fluctuation (reduction, rise or both) 
occurs for the 73 GEN Wattwatchers during the analysis period (3 minute time interval) 
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Figure 22. Time of the year when the maximum output fluctuation (reduction, rise or both) 
occurs for the 73 GEN Wattwatchers during the analysis period (5 minute time interval) 

 

 
Figure 23. Time of the day when the maximum output fluctuation (reduction, rise or both) 
occurs for the 73 GEN Wattwatchers during the analysis period (5 minute time interval) 
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8.4. Appendix_4 

 
(a)  

 
(b)  

Figure 24. a) Frequency distribution of 10 min average WW voltages (average of three phases) 
exceeding the limit of 254.4 V, b) Enlarged portion of (a) 
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(a)  

 
(b)  

Figure 25. a) Frequency distribution of 10 min average WW voltages lower than the limit of 
225.6 V, b) Enlarged portion of (a). (The IEC60038 lower limit of 207 V is indicated in the 

respective bin) 
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(a) 

(b)  
Figure 26. Number of high voltage events; a) At HV feeder level, b) At distribution transformer 

level 
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(a) 

(b)  
Figure 27. Number of low voltage events; a) At HV feeder level, b) At distribution transformer 

level 
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