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Executive Summary 

In Australia many roof-top residential photovoltaic (PV) generators have been connected to the Low 
Voltage (LV) network, making Australia the top ranking country for residential solar installation on a 
per capita basis1. Looking to the future, forecasts such as CSIRO’s2, all point to continued growth in 
small-scale solar systems across Australia. 

As distribution networks are not traditionally designed to host distributed energy resources (DER) such 
as PV, the two-way flow of electricity created has impact on the ability of the distribution networks to 
deliver quality electricity supply to its customers.  

In 2020, AEMO published a survey on how DER are impacting distribution networks in the NEM3. 
Distribution Businesses identified voltage issues; problems with inverter settings at customers’ 
premises; and phase balancing and thermal capacity issues on feeders and at substations. The flow-
on effects for customers can range from their PV system unknowingly being tripped off supply, PV 
export restriction, through to increased risk of localised distribution outages and also the costs passed 
through in network charges to manage these impacts. 

As the localised penetration of PV increases it also inevitably places into question the amount of DER 
that can be safely and cost-efficiently connected to a distribution network while the network remains 
within its technical limits, called its ‘hosting capacity’ 

Jemena and its project partners are committed to finding better grid management and hosting 
capacity solutions on behalf of customers and collaborated on this project to retrofit novel, grid-based, 
dynamic and deployable power electronics technologies and control systems to the existing 
distribution networks.  

Funding to activate this project was provided through ARENA’s “Demonstration projects improving 
network hosting capacity of Distributed Energy Resources” announcement under their Advancing 
Renewables Program. While the official title of the project is “Demonstration of three dynamic grid-
side technologies for increasing distribution network DER hosting capacity”, the project was also 
known internally as the “Solar Friendly Neighbourhoods project”, reflecting the project partners’ 
aspiration to create an electricity network environment that allowed solar systems to flourish. 

The Jemena DER hosting capacity project started in January 2019. The three technologies selected to 
be assessed individually, and in combination, were a dynamic phase switching system to address over-
voltage issues, a dynamic power compensation device to adjust transformer output voltages and 
mitigate load unbalance and grid battery storage to provide network stability and mitigate power 
quality issues. 

Two LV network sites with different characteristics were selected to demonstrate the technologies, 
one on Jemena’s network in Greenvale and one on AusNet Services’ network in Montrose, both in 
Victoria. Dynamic phase switching devices (PSDs) and dynamic power compensation devices (PCDs) 
were installed at both sites while a battery energy storage system (BESS) was implemented at the 
Jemena site only. 

Research was a critical enabler to successfully achieving an Australian-first of adapting and integrating 
the technologies into a distribution network setting. The University of New South Wales (UNSW) 
developed and validated algorithmic network models to replicate the network topology and allow for 
optimum placement and configuration of the technologies at the trial sites. Importantly the UNSW 

 

1 Solar Trend-Report for Solar Citizens, UNSW/Australian PV Institute, 2018 

2 Small-scale solar and battery projections, CSIRO, 2021 

3 Renewable integration study, AEMO, April 2020 
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network models also allowed the contribution of the technologies to increasing hosting capacity to be 
estimated under different conditions. UNSW also conducted technology and household appliance 
bench testing which further informed the optimal configuration and operation of the technologies. 

Installing and applying technologies in practice always presents challenges to overcome, and in 
addition to anticipated technical and other challenges, a major hurdle faced during this project was 
travel restrictions arising from COVID-19 which prevented the main equipment supplier from being 
on the ground to assist during the technology commission and testing phase. It is a testament to the 
commitment and teamwork of the project partners and suppliers that despite the significant 
disruption this presented, the technologies were able to be all successfully deployed in the trial and 
meet the technical aims of the project. 

For the AusNet Services network, this project found that optimising the PSD could help the network 
host 58.87% more DERs, and the number could be further increased to 87.75% with the adoption of 
PCD controls. By contrast, the future DER hosting capacity could only be increased by 29.28% without 
any introduced grid-side technologies.  

For the Jemena network, optimising the PSD could help increase the DER hosting capacity by 8.06%, 
and the number could further be increased to 36.27% under a combination of PCD and BESS controls. 
However, it should be noted that as the network has already faced operational issues, introducing the 
grid-side technologies not only help address the existing operational issues but also further help to 
host more DERs. Moreover, the DER hosting capacity could be further increased by 64.49% if the 
terminal voltage of the distribution transformer could be further optimised in the future. 

This project has clearly demonstrated that the three technologies can make electricity distribution 
networks more solar-friendly by increasing the network DER hosting capacity and also in its automated 
form provide active management of the LV networks in response to the prevailing DER conditions.  

While the results are promising from a technical perspective, cost benefit analysis performed as part 
of this project shows that there is currently no business case to begin a mass rollout of the 
technologies. For example, significant equipment cost reductions to 30% of nominal costs, combined 
with the reduction of project management, engineering, installation and commissioning costs to 80% 
of nominal costs, are required before an NPV positive outcomes can be achieved over a 20-year 
period. Nevertheless, there are likely to be specific use cases where the technologies can be deployed 
economically. 

A specific case, for example, likely to improve economic viability of the BESS would be to extend its 
application to become a community battery storage solution to provide wholesale electricity market 
benefits in addition to grid benefits. 
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1 Overview 

1.1 ARENA DER Hosting Capacity Project 

The project was funded by ARENA’s “Demonstration projects improving network hosting capacity of 
Distributed Energy Resources (DER)” Funding Announcement under the Advancing Renewables 
Program and was titled “Demonstration of three dynamic grid-side technologies for increasing 
distribution network DER hosting capacity”. It aimed to implement three novel, grid-based, dynamic 
and deployable power electronics technologies and intelligent control systems to demonstrate their 
ability to increase network DER hosting capacity, while also improving customer power supply quality 
and reduce the impacts caused by high penetration of roof-top PV systems. The project was known 
internally as the “Solar Friendly Neighbourhoods project”, reflecting the project partners’ aspiration 
to create an electricity network environment that allowed solar systems to flourish. 

1.2 Project Partners 

Jemena was the lead partner for the project, ably supported by project partners including AusNet 
Services, the Energy System Group of the UNSW, and State Grid International Development Ltd. The 
Hume City Council supported the project by sharing their local knowledge and leasing the land on 
which the Battery Energy Storage System (BESS) was installed. 

 

Figure 1.1. Project partners 

1.3 Project Scope 

The three innovative technologies demonstrated in the Project include (and represented in Fig. 1.2 
below): 

a) Dynamic phase switching of customer loads on low voltage feeders to help mitigate the 

localised over-voltage challenge caused by increasing DER; 

b) Dynamic power compensation to adjust the output voltage and mitigate the load unbalance 

challenge at the source distribution transformer; and 

c) Battery energy storage with Virtual Synchronous Generator (VSG) capability, to mitigate 

potential power quality and network stability challenges caused by very high penetration of 

DER. This included potentially mitigating steady-state events of asset power overloads and 

Solar Friendly Neighbourhoods project

Jemena demonstration 
site

Greenvale

AusNet demonstration 
site

Montrose

University of NSW

Bench testing, modelling

ARENA

Funding contribution

State Grid International 
Development

Technical advice
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high reverse power flow affecting upstream voltage regulation, and transient events such as 

cloud passage impacts on PV output and upstream grid disturbance events. 

 

Figure 1.2. Illustration of the three technologies to be implemented in the LV sites (note BESS is only installed in the 
Jemena site) 

Two LV network sites with different characteristics (see Table 1.1) were selected to demonstrate the 
technologies, one on Jemena’s network and one on the AusNet Services network. Dynamic phase 
switching devices (PSDs) and dynamic power compensation devices (PCDs) were installed at both sites 
while the BESS was implemented at Jemena’s site only.  

  



   

 

10 

 

 

Table 1.1 Characteristics of the two chosen demonstration sites 

 Jemena site AusNet Services site 

Substation location Suburban – Greenvale Suburban – Montrose in 
Dandenong Mountain 
Ranges 

Substation capacity 200kVA 200kVA 

Number of customers 117 on two LV distribution 
circuits 

72 on two LV 
distribution circuits 

LV conductor type Overhead line primarily open 
3-phase wires 

Overhead line including 
both open 3 phase wire 
and LV ABC 3 phase wire 

Number of 3-phase 
customers 

10 3 

Number of PV customers 32 18 

Total aggregate PV capacity 124kW 69.3kW 

Maximum demand 19/20 
summer 

238kW 165kW 

Symptoms of high PV 
penetration 

Over voltage has been 
detected by AMI meters at 
some customer locations. 
Reverse power flow 
experienced at distribution 
substation during midday 
hours. Load unbalance 
between the 3-phases at the 
substation transformer. 

No reverse power flow 
but significant voltage 
unbalance found at 
substation terminals. 
Unbalance on 22kV has 
contributed to LV 
unbalance due to 
location of substation 
being at end of a 22kV 
feeder.  

1.4 Why Were These Innovative Technologies Selected? 

Low voltage (LV) distribution networks are not designed for two-way flow of electricity, hence 
localised voltage rise is encountered when DER generates energy back into the LV network. When 
there is high concentration of DER in the locality, significant reverse power flow may cause asset 
overloads, in addition to localised voltage rises. Adverse customer impacts associated with these 
conditions may include some customers having their DER tripped off from feeding into the network 
through to increasing the risk of localised supply outages for all customers. 

Operational measures adopted by DNSPs to manage high concentrations of DER in the LV network can 
include: 
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• balancing excess PV generation with additional loads by swapping more customers onto a phase 
with excess PV generation, as most residential customer loads and roof top PV generators are 
connected single phase; and/or 

• Reducing the sending end voltage by changing the tap on the distribution transformer; and/or 

• Rebuilding the distribution substations at considerable expense; and/or 

• Limiting the amount of export from DER 

These operational measures are interim, costly and not solar-friendly. 

A key consideration in the choice of innovative technologies is to create a dynamic environment 
whereby the local network automatically adjusts itself to facilitate DER generation at any given instant, 
creating the potential for a much more solar-friendly network and neighbourhood. The technologies 
are expected to be deployed progressively as DER penetration increases. For this trial project, we 
investigated the application, benefits and costs of three technologies (explained below) when used in 
isolation and in combination (product specifications are contained in Appendix A). 

1.4.1  Power Compensation Device (PCD) 

The PCD is a three-phase smart inverter that has four operating modes: Active Power Balancing, 
Reactive Power Balancing, Complex (concurrent active and reactive power balancing) and Manual 
Reactive Power Balancing. 

Its primary use in this project is to compensate for load unbalance such that the upstream transformer 
sees a balanced load, by switching the current from one phase to another using IGBT power 
electronics. Another capability is that it can inject reactive power (either capacitive or inductive) 
therefore presenting near unity power factor to the transformer, which was expected to impact the 
downstream individual phase voltages, and potentially increase the solar hosting capacity on the 
network.  

1.4.2  Phase Switching Device (PSD) and Central Controller (CC) 

The PSD is a very fast-acting switch that can dynamically transfer customer loads to any of the three 
supply phases in less than 10ms. The trial participants’ service wires were disconnected from their 
original static connections and connected to the PSD to achieve dynamic switching, when commanded 
by the CC. Each phase switching device is connected to the CC via a wireless communication system 
known as Long Range (LoRa) Communication.  

The CC monitors local unbalance due to load and solar generation. If this discrepancy exceeds a set 
threshold resulting in under or over voltage, it commands the appropriate phase switching device to 
switch phases on a real-time basis. 

1.4.3  Battery Energy Storage System (BESS) 

The BESS was selected to absorb the excess solar generation during the day (BESS charging operation) 
and in so doing, reduce the impact of excess solar generation on the power quality of the LV network. 
An example of an application is to reduce the amount of reverse power flow through the distribution 
transformer. The stored energy can be used to maintain the stability of the electricity network against 
steady-state and transient events (BESS discharging operation). An example of a steady-state 
application is to reduce the peak load carried by the distribution transformer in a peak shaving 
operation. 

1.5 Project Stages 

The project was divided into four key stages as follows: 

• Stage 1 – Program Design and Procurement (January 2019 to May 2019) 
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During this stage the project partners developed the detailed design for the project, including 
conducting the modelling and simulation to input into the design. A key design parameter is to 
understand adverse impact, if any, of phase switching operation on customer experience and 
electrical appliance performance. Bench testing of phase switching operation on common household 
appliances were conducted in a purpose-built laboratory in UNSW. Results of the bench testing were 
used as input into the design process. As the design progressed, the key materials and services 
requirements were identified and detailed specifications were developed. Requests for tender were 
issued, evaluated and orders for equipment placed. The key items of equipment procured and 
installed for each technology include: 

a) Dynamic phase switching technology: 28 PSDs, comprising 14 customer connection points at 

each LV site; 

b) Dynamic power compensation technology: two (2) three-phase PCDs, one at each LV site; 

c) Battery energy storage technology: One BESS with VSG capability (at the Jemena’s LV site only), 

with a rating of 100kW/200kWh; 
d) Two (2) central controllers (CC, one at each LV site).  

Apart from procurement of equipment, two key activities carried out during this period include: 

a) Established representative network models for the two trial networks. Developed load flow 

and optimisation algorithms to determine the optimal locations of the technologies and 

control parameters; 

b) Bench test the effect of phase shifting operation on common household appliances, using a 

sample switch from the supplier, as described above. Learning from the bench testing was 

included in the formulation of the phase shifting control logic. 

• Stage 2 – Detailed design, off-site equipment testing and delivery (June 2019 to November 2019) 

Detailed design of the equipment panels and control logics was undertaken during this period. As the 
equipment was purchased from an overseas supplier, testing to relevant Australian and International 
Standards, where appropriate, were carried out by accredited test facilities. 

Upon completion of equipment manufacture and assembly, the supplier conducted Factory 
Acceptance Testing (FAT) at its factory to demonstrate that the equipment met the purchase 
specifications. FAT was witnessed by representatives from Jemena and AusNet Services. After the 
successful completion of FAT, the supplier shipped the equipment to Australia. 

Jemena and AusNet Services carried out designs for the construction and installation of the equipment 
at their respective sites. 

• Stage 3 – Installation, commissioning and trial commencement (December 2019 to May 2020) 

This stage involved the installation, commissioning, and commencing operation of the PSD and PCD 
equipment at the selected LV sites on the Jemena and AusNet Services networks. 

The BESS was installed and commissioned during February 2020 to May 2020. This was later than 
originally scheduled due to delay in land acquisition and limited resourcing caused by the COVID 
lockdown in Victoria. 

• Stage 4 – Trial operation, evaluation and final report (March 2020 to June 2021) 

After the installation, the project partners monitored and refined the operation and performance of 
the equipment. Use cases were developed and conducted to undertake the analysis in different 
conditions, and data collected. The project partners collated the data and performed the analysis to 
underpin the evaluation of the trial during the extensive period of performance testing and monitoring 
(March 2020 to March 2021).  
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2 Network Modelling and Appliance Testing Research 

Research undertaken by UNSW, including network modelling and appliance testing, was key to 
determining optimum placement and configuration of PSDs and the BESS in the low-voltage 
distribution network (LVDN) to best deliver on customer experience and operational network 
performance requirements and obligations.  

Importantly, the network models also enabled projections to be made on how DER hosting capacity 
could change with different levels of solar penetrations in the future (see Section 7 and 8). 

2.1 Network Modelling 

The key objective of network modelling is to establish mathematical models that accurately describe 
the behaviours and performance of the LV trial networks under different operational conditions. 
Computer simulations can be performed using these mathematical models to produce outputs for 
different scenarios of equipment locations and DER penetration.  

2.1.1 Model development and validation 

The first step in network modelling in LVDN is making sure all parameters are assessable and accurate. 
However, as network impedances for unbalanced construction are usually not available for LVDN, they 
are calculated on first principle based on Carson’s Equations with site physical parameters. With 
calculated network impedances and other known parameters, power flow equations based on 
Kirchhoff's Current Law (KCL) and Ohm’s Law (OL) can be formulated and converged to form an 
algorithm. Examples of network impedance and power flow calculations are provided in Appendix B. 

The algorithm developed was tested on the two trial networks and the results compared with voltage 
measurements from historical smart meter data. For the trial network from AusNet Services, there 
are 27 nodes and 71 residential customers. The topology of the network is presented in Fig. 2.1. The 
voltages of three phases at node 15 from power flow calculation and historical measurements are also 
presented in Fig. 2.1.  

 

Figure 2.1. Topology and power flow calculation results at node 15 (AusNet Services). 



   

 

14 

 

For the trial network from Jemena, there were 36 nodes and 106 residential customers. The topology 
of the network and the voltages at node 3 are presented in Fig. 2.2.  

 

Figure 2.2. Topology and power flow calculation results at node 3 (Jemena). 

As the simulation results from Fig. 2.1 and Fig. 2.2 are well aligned with historic measurements, it is 
concluded that the calculated parameters and the algorithm are accurate enough for further 
applications. Network profile modelling examples are provided in Appendix C,  
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2.1.2  Placement and Control of PSDs in LVDN  

With verified network modelling, the first question was where to place and control the PSDs to achieve 
the best operational performance improvement. Before addressing this issue, the control scheme of 
PSDs in LVDN is presented in Fig. 2.3. 

 

Figure 2.3. Control scheme of PSDs in LVDN. 

The PSD controller (CC) installed at the secondary side of the distribution transformer can wirelessly 
communicate with PSDs to monitor the operational status of the network, and control PSDs to 
ameliorate the network’s operational performance.  

To give an overview of the whole placement and control of PSDs in the LVDN, the schematic illustration 
is presented in Fig. 2.4, where the connection between placement and control of PSDs are presented. 
After placing PSDs, their day-ahead strategies, which are activated at 2:00 AM every day to minimise 
the impacts on residential customers caused by PSD switching and reduce the number of switching 
operations in real-time control, can be obtained under various PV generation levels. As realised 
load/PV profiles may be different from roughly estimated values day-head, PSDs are further controlled 
in real-time when an operational violation occurs. Detailed explanations of the input data and 
mathematical formulation are provided in Appendix D.  

 

Figure 2.4. Schematic illustration of placing and controlling PSDs in LVDN. 

It is noteworthy that the formulation is flexible and can further take practical requirements into 
account in other application scenarios.  
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The simulation results, including the optimal locations to install PSDs and the optimal day-ahead PSD 
strategies, on one trial network are presented in Table 2.1, where the day-ahead strategies are quite 
different depending on the PV generation levels.  

Table 2.1. Optimal PSD locations and day-ahead control strategies. 

PSD Location 

(customer ID) 

Initial 

PSD Position 

PSD Phase Position@ PV Generation Level 

100% 80% 60% 40% 20% 0% 

1 1 1 3 2 3 2 2 

9 1 3 3 3 3 3 3 

13 1 3 3 3 2 3 2 

19 1 1 1 1 2 3 3 

27 2 2 2 2 2 2 2 

28 3 2 2 2 2 2 2 

30 3 2 2 2 2 2 2 

38 1 2 2 2 2 2 2 

43 1 2 2 2 2 2 2 

45 1 2 2 2 2 2 2 

52 3 1 1 1 1 2 2 

56 3 2 2 2 2 1 2 

63 2 3 3 3 3 3 3 

64 1 2 2 2 3 2 3 

 

2.1.3 Placement of BESS in LVDN  

In a similar manner to PSD placement, simulation studies were performed to identify the best location 
for the BESS placement based on the effectiveness to soak up excess PV generation and to support 
the network peak usage period. Unlike PSDs which are mounted on existing electricity poles, however, 
BESS requires considerable land space. Two potential locations for BESS were identified and included 
in the simulation studies. The studies confirmed that all two locations were suitable. The location of 
the BESS (close to node 10) was finally chosen after consultation with the local council.  
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Information regarding other factors, in addition to modelling, that were taken into account in 
determining BESS placement can be found in Section 5.2. 

2.1.4 Placement of PCD in LVDN  

As PCD works on balancing the phase loading and improving power factor of the distribution 
transformer, it’s best to be co-located with the distribution transformer. It was therefore installed on 
the same pole where the distribution transformer was located. 

2.2 Appliance Testing 

Appliance testing undertaken by UNSW was required to identify and inform the management of any 
customer experience issues associated with the PSDs switching between phases and affecting the 
operation or condition of customer electrical appliances. 

This bench testing aimed to achieve the following objectives: 

1. Testing the performance of the device, including the initialisation procedure, phase-switching and 
bypass power supply functions. 

2. Investigating the interaction between the PSD and common customer appliances.  

Based on the testing results, recommendations to minimise any negative impacts of phase-switching 
on the customer appliances were provided for control logic design. 

2.2.1  Appliance Testing Results 

The UNSW team observed the appliance operation states during the phase switching process and 
captured transient voltage and current waveforms. Based on these, the UNSW team analysed the 
bench testing results. 

Taking the pool pump running state test as an example, the positive sequence switching (red to white 
to blue) did not have much impact on the pool pump running operation. The pool pump might vibrate 
a little bit more than the normal operating condition. However, the negative sequence switching (red 
to blue to yellow) had significant impacts on the pool pump running operation, which led to heavy 
vibrations compared to its normal operating condition.  

The reasons for the observations can be explained as the vibration degree depends on the load voltage 
changing tendency during the transient period. The captured transient waveforms are demonstrated 
in Figure 2.5.  

For the positive sequence switching action, the PSD cut off the load from the original phase (Phase 
Red) as shown on the left. Due to the large motional inertia of the motor, the AC voltage of the load 
decreased slowly. In the middle sub-figure, the load voltage changing tendency after connecting to 
the new phase (red arrow) was the same as that before connecting (blue arrow). It meant that the 
motor kept running without much impact.  

On the other hand, the transient waveforms for the negative sequence switching action are shown on 
the right. In the middle sub-figure, the load voltage changing tendency after connecting to the new 
phase (red arrow) and that before connecting (blue arrow) were in the opposite directions. It meant 
that the motor vibrated heavily once compared to its normal slight vibration level.  

Therefore, the negative sequence switching action should be avoided as far as practicable. 
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Figure 2.5. Waveforms of testing on pool pump (running – no load) 
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2.2.2 Conclusions and Recommendations for Control Logic Design 

Based on the bench testing observations and waveform capture, the following conclusions can be 
drawn:  

• Effectiveness of phase switching has been verified.  

• Most common household appliances work normally during the phase switching process and they 
are not affected by the positive or negative sequence switching actions.  

• Negative impacts of phase switching process on some appliance operation have been observed 
and the reasons can be explained with the help of transient waveforms. But no appliance damage 
is found.  

Bench testing results provided input to control logic design. The recommendations were given as 
follows: 

• It was suggested to apply consecutive positive sequence switching to replace the direct negative 
sequence switching. Feedback to device supplier resulted in a modification to the device switching 
logic;  

• It was suggested to select the periods when less appliances are in use to perform phase switching, 
for example during night time. This suggestion has been taken into account in the PSD control 
logics formulation, where a day-ahead switching at 2 am is used to prepare the network 
configuration to avoid over voltage occurrences during the next period of peak PV export, and a 
real-time switching in the event that voltage violation occurs due to incorrect forecast. Refer to 
Appendix E for further details. 

• It was also suggested to reduce the number of the phase switching actions during a day to 
minimise potential disturbance to customers. This has been included in the configuration file of 
the PSD controller as a settable parameter.  
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3 Design, Installation and Commissioning of Phase Shifting Devices 
and Power Compensation Device  

In December 2019, AusNet Services (AST) and Jemena installed and commissioned the equipment 
shown in Fig 3.1 at their respective trial sites in Montrose and Greenvale. Each trial site had a PCD and 
a Central Controller (CC) located at the substation pole as well as fourteen PSDs connected to the 
customers’ service poles. The PSDs were assigned to participant homes without solar PV to prevent 
any potential switching from directly impacting the operation of existing solar inverters.  

 

 

 

 

 

 

 

Figure 3.1. Schematic Representation 

3.1 Design and Installation Learnings  

3.1.1 New technologies and vendor 

The PCD and PSDs are commercially available and have been deployed successfully on low voltage 
networks overseas for load balancing. Adaptation of the equipment is required to achieve the project 
purpose of balancing both loads and PV generation. In addition, as the vendor and the equipment are 
relatively new to the Australian market, this presented the project team with some significant 
challenges to overcome. One such challenge was the team had to work closely with the vendor to 
design a simple control algorithm that built on existing equipment capabilities, with a view to grow 
complexity only after core functionality had been tested in the field. This was achieved by managing 
the language barriers and different working cultures throughout the design phase by ensuring face-
to-face workshops and meetings at key milestones.  
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3.1.2 Design and Installation  

Both Jemena and AST had to adopt several design changes to install the equipment in order to meet 
their own network standards and operational requirements. This resulted in some significant 
differences between Jemena and AST installations.  

3.1.3 Wood vs Concrete Poles 

It should be noted that the supplier predominantly had expertise with installing their equipment on 
concrete poles. Jemena’s substation pole was concrete, however, AST pole was wood. Therefore, a 
local adaptation was made to the original design for the PCD and easily implemented at Montrose. 
Mounting the PSDs on both concrete and wooden poles was more straightforward and the 
connections to the overhead open wire and ABC conductors was also easily undertaken. 

3.1.4 Antennas 

Where applicable, standard antennas used in existing AST Remote Controlled installations were 
obtained and installed. 

There was initial concern that the antennas provided by the supplier in the remote PSDs would not be 
adequate. They specified that these antennas are mounted internally (inside a closed steel box). Even 
though the project team acknowledged that distances involved were not excessive, there was concern 
about the reliability of the communications. However, the project team was pleasantly surprised and 
at the AST site all LoRa communication has been 100% reliable. Jemena, however, found that LoRa 
comms was not achievable in one PSD site and experienced intermittent drop out in a few other PSD 
locations. Jemena has made improvement to LoRa comms by mounting the PSD antennae outside the 
PSD enclosures. 

3.1.5 Operations 

Ongoing Operational requirements were a major factor in our design considerations and the following 
activities had been undertaken: 

• The ability to easily disconnect individual components using standard Victorian Electricity Supply 
Industry (VESI) equipment was accounted for.  

• AST and Jemena had provided their Operating Authority and Field personnel written Work 
Instructions for the basic operating requirements.  

• To facilitate on site investigations without having to deploy an authorised linesman, AST and 
Jemena installed a secure communication port to the Central Controller at lower level of the 
substation poles. This allowed lesser authorised personnel to plug a laptop PC to interrogate the 
device as well as upload and download data as required. 

• Detailed consultation was undertaken with Works Practices, Standards, Operational and Field 
groups to ensure everyone was satisfied the equipment would not unduly impact our customers. 

o If work was scheduled/required in that vicinity that would impact this new equipment what 
are the basic requirements to be undertaken to allow the necessary work to happen. 

o As the PSD may have a small impact on Customer Quality of supply a campaign of advice was 
undertaken in the form of newsletter drops. 

• Our Faults Call Centre and other frontline interface personnel had been informed of this project 
and its purpose. 

• Our Operations Management Systems had appropriate notes and warnings to advise all personnel 
of this new and unique equipment. LV Open points had signs attached on the respective poles so 
that field personnel are adequately advised. 
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3.2 Trial Installations 

AST and Jemena were highly committed to minimising customer outages and always adhering to times 
stated in their outage notifications. To minimise the risk of potential delays, the project team decided 
to perform trial installations at their respective depots prior to the actual installation date. This 
allowed the field crew to familiarise themselves with the new equipment and the non-standard 
mounting requirements. As a result, the outage days went smoothly for both companies.  

3.3 Commissioning  

Due to the hard work invested in the lead up to commissioning, the days went relatively smoothly for 
both AusNet Services and Jemena. The testing confirmed the Master Station was able to successfully 
send commands and display real time information to and from the PCD and PSDs (Fig 3.2). Some minor 
issues with communication delays were encountered when trying to switch the PSDs manually, 
however, this didn’t result in any major technical difficulties. All modes of operation in the PCD are 
working as shown in Fig 3.3, as well as the auto and manual switching of the PSDs.  

 

 

Figure 3.2. AST Master Station User Interface 
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Figure 3.3. PCD Notch Test Results 

3.4 Device Communications and Cybersecurity  

Given the IoT nature of the devices, communications and cybersecurity teams in Jemena, AST and the 
vendor worked collaboratively to develop a communications approach that would provide reliable 
remote monitoring and control while mitigating cybersecurity risk as much as is practicable. Design 
decisions included restricting remote control functionality and choosing instead to leverage the field 
devices’ autonomous control capabilities. In this aspect, Jemena and AST teams developed different 
approaches for remote monitoring that were suitable for their respective business needs, with AST 
utilising the vendor-supplied remote monitoring system that is run independently from any existing 
systems (see Fig 3.4 and Fig. 3.5), and Jemena integrating telemetry into their SCADA system. The 
approach taken by Jemena did result in significantly more effort to test the interoperability of the 
SCADA protocol (DNP3.0) with its master station. 

 

Figure 3.4. AusNet Service’s Communications Diagram 
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Figure 3.5. Jemena’s Communications Diagram 

3.5 Customer Experience  

A key aspect of this trial was to understand the impacts as well as benefits of these new technologies 
on customers. Jemena and AST teams’ designed customer communications plans to ensure customers 
at the respective sites were aware of the new infrastructure being installed, any potential disturbances 
such as outages, and had clear communication channels should they have any enquiries or concerns.  

Customer communications included updated websites with detailed FAQs, project-specific letters 
provided to residents as the trial progresses, and drop-in visits to customers residing in closer 
proximity to installation works. Given the equipment was deployed in a residential area, the AST 
project team also decided to conduct noise monitoring at the site to understand the potential for 
disruption.  

3.6 Post Commissioning Experiences  

Both AST and Jemena performed a range of testing activities on the PSDs and PCD after they were 
commissioned into service. The primary purpose of the testing activities is to verify the equipment 
performance under different network operating conditions. For example, an under-voltage scenario 
was simulated by adjusting the under voltage setpoint to test the behaviour of the PSD and PCD. The 
post commissioning experiences can be summarised below: 

• Errors in PSD real-time switching logics were found by testing. The vendor modified the logics 
based on site feedback and AST/Jemena installed the new logics into the CC; 

• AST experienced a supply loss to a customer due to a loose wiring inside one PSD; 
• Jemena experienced a faulty LoRa modem in one PSD. The modem was subsequently replaced; 
• Jemena experienced interference with the LoRa communication between the PSDs and BESS. This 

was rectified by changing the LoRa frequency; 
• AST experienced one customer complaint on the noise generated by the PCD; 
• Jemena experienced a fault on its PCD which required a replacement. 
As an innovation project, the number of challenges encountered are not considered excessive. 
However, COVID lockdown and travel restriction have presented challenges not anticipated: 

• The project team could only rely on remote support from the equipment vendor; 
• Jemena’s choice of interfacing the CC to its SCADA system has limited its ability to conduct remote 

testing. Site testing was impacted by COVID lockdown restriction. AST, on the other hand, could 
continue to perform remote testing from its master station setup. Consequently, Jemena’s post-
commissioning testing was conducted over a longer period of time, and captured less data 
compared with AST. 
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• Trouble shooting and replacement of faulty equipment took considerable time to organise, 
including overseas shipping and field staff attendance.   
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4 Design, Installation and Commissioning of Jemena’s Battery Energy 
Storage System (BESS) 

4.1 BESS Sizing 

The distribution substation had a transformer rating of 200kVA. Mild overload had been experienced 
in summer 2017/18 (223kW). Aggregate capacity of PV customers supplied from the substation was 
101kVA. Reverse power flow up to 40kW, through the distribution substation transformer, had been 
observed on a sunny day in 2017/18 summer. 

Jemena opted for a BESS size of 100kW/200kWh. This was probably bigger that what was required to 
store the existing aggregate PV excess output. However, a bigger BESS capacity was chosen as it 
allowed more meaningful response to transient network events.  

4.2 BESS Location 

UNSW conducted an optimal planning study of the BESS which includes two possible BESS locations. 
As the BESS was in a ground-mounted enclosure (see Fig. 4.1) measuring 2.5m by 3m (and 2.9m high), 
its location cannot be arbitrarily selected but was based on the availability of suitable open 
parkland/road reserve that had minimal effect on neighbouring residents. In further discussion with 
the Hume Council (which had been a firm supporter of the project from the beginning), a third 
location, a road reserve, was ultimately decided upon. The third location was relatively close to one 
of the locations used in the BESS planning study so the planning study results could still be applied. 

Figure 4.1. Views of the BESS enclosure 
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4.3 BESS Design 

Figure 4.2 shows the layout of the BESS enclosure. There are two compartments: one housing the 
battery modules and one the Power Conversion System (PCS) and ancillary equipment. While the two 
compartments are linked via power and control cablings, they are effectively sealed from one another. 
This is important as it allows air-conditioning and a gaseous fire suppression system to be installed in 
the battery compartment. 

Figure 4.2. BESS enclosure 

The battery system is made up of 2 parallel battery strings (see Fig 4.3), each string consists of 21 
battery modules connected in series. Each battery module has an output DC voltage of 32V and a 
capacity of 4.736 kWh. Apart from DC connections, the battery module also contains communication 
ports for connection to a Battery Management System (BMS), one BMS per battery string. The two 
BMSs are in turn connected to a Master Battery Management System (MBMS). The BMSs performs 
extensive monitoring of the health of the battery modules and initiate shutdown of the BESS (via 
communication to the PCS) when a fault is detected. The battery modules are based on Lithium-Ion 
Phosphate chemistry. 

The PCS performs power conversion between the AC grid and the DC battery system. In the battery 
charging mode, the PCS converts the AC power from the grid into DC power to charge the battery 
system. In the battery discharging mode, the PCS converts the DC power from the battery system into 
AC and feeds the AC power into the grid. The bi-directional converter incorporates advanced islanding 
detection that meets the anti-islanding requirements of AS4777.2 i.e. the PCS will be disconnected 
from the grid when the grid connection is lost. The PCS is rated at 250kW but is set to a maximum 
output of 100kW for the Jemena application. The PCS also incorporates an isolation transformer 
(delta/star, star winding on the grid side) to match the rectified voltage to the grid voltage, and to 
prevent any DC voltage from appearing on the grid connection point. 

 

 

 

 
PCS Compartment Battery System Compartment 

Fire Indicator 

Panel 
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Figure 4.3. BESS single-line diagram 

 

4.4 BESS Ancillary Equipment 

A 2kVA Uninterruptible Power Supply (UPS) supplies auxiliary DC supply for the battery management 
systems (BMS, MBMS) as well as the LoRa communication module (for the wireless communication 
between BESS and the Central Controller). This setup provides clean power and allows the control 
system to function for a short duration even when the AC mains input is temporarily lost. 

Wormald supplied and installed the fire detection and suppression system (see Fig 4.4), primarily 

targeted for the battery system compartment, in the very unlikely event that a fire occurs on the 

battery module(s) when it fails to be shut down in time by the BMS. The detection system consists of 

a smoke detector and a Very Early Smoke Detection Apparatus (VESDA) system. When both are in 

alarm mode the fire suppression system is triggered after a 30-second delay. The fire suppression 

agent is INERGEN, an inert gaseous fire suppressant consisting of natural gases (nitrogen, argon, 

carbon dioxide) and extinguishes fire without causing harm to people, property or the environment. 

Auxiliary power supply for the fire detection and suppression system comes from the AC distribution 

board. Battery backup is provided in the event the AC supply is lost.  



   

 

29 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. 3D view of the fire detection and suppression system 

4.5 BESS Control Logics 

A local control panel is installed on the PCS cubicle for setting operating parameters and for local 
operation of the BESS. The normal operation of the BESS is controlled remotely by the CC installed on 
the substation pole, via the LoRa wireless communication system.  

The CC exerts coordinated control on the PCD and BESS, depending on the control scheme selected: 

• Bus over voltage control strategy 

• Bus under voltage control strategy 

• Battery State-of-Charge (SOC) maintenance control strategy 

• Transformer overload control strategy 

• Transformer reverse power flow control strategy 
 
A high level flow chart showing coordinated control of the PCD and BESS is shown below in Fig. 4.5. 
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Figure 4.5. High level flowchart showing coordinated control of PCD and BESS (only part control schemes shown) 

4.6 Status of BESS 

As the CC is connected to Jemena’s SCADA system, analogues, events and alarms of BESS are remotely 
monitored (see Fig. 4.6) by Jemena’s control room. A control function is implemented to allow Jemena 
control room to turn the BESS on/off. Automation logics of the BESS is contained inside the CC. 

 

Figure 4.6. SCADA screen showing BESS charging at 100kW 
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4.7 Customer Experience 

The BESS is installed in a road reserve backing from the backyards of neighbouring properties. Jemena 
did not receive any negative customer feedback regarding the BESS location during the project 
planning phase.  

During BESS operation, discernible noises can be heard from the PCS and the temperature controlled 
ventilation (when turned on). Jemena has taken the precautionary approach of not operating the BESS 
at night and early morning to avoid disturbances to neighbours. 

4.8 Post Commissioning Experiences 

Jemena received a number of customer complaints about noise generated from the BESS fire 
detection system. Jemena has experienced two faulty smoke detectors and a faulty VESDA (Very Early 
Smoke Detection Apparatus) unit. As the fire detection system was designed and installed locally, it 
was not integrated into the BESS design. The main drawback was fire alarms were not wired into the 
BESS SCADA system. Jemena was only made aware of the faulty components when informed by local 
residents – the fire alarm triggered a local siren. This is unacceptable and needs to be corrected. In 
the interim, Jemena has requested Wormald to disable local siren alarm for faulty detection (one out 
of two fire detectors has picked up). Local siren would still sound when the fire suppression system 
has discharged (two-out-of-two fire detectors have operated). 

Similar to the PSD/PCD post commissioning experiences, BESS installation and commissioning could 
only be carried out with remote vendor support. Jemena’s choice of interfacing the CC to its SCADA 
system has limited its ability to conduct remote BESS testing while site testing was impacted by COVID 
lockdown restriction. The replacement of faulty smoke detectors has taken considerable time to 
organise which again impacted on the test schedule. Most importantly, BESS testing was not 
conducted over the summer period when the network benefits were deemed to be maximum. The 
project team has to extrapolate the effect of BESS through simulations. 
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5 Operational Data Analysis 

This section analyses the impacts of the introduced devices on the network operation using statistical 
analysis of the data collected from actual network operation. The measurable data, operational modes 
used at different periods and analysis results are presented for the two networks in this section. 

With collected data under various operational modes, the operational performance of each network, 
including the power unbalance in the distribution transformer (DT), the current unbalance in each 
distribution circuit, the average reactive power ratio in the DT and voltage drops, has been analysed 
in this section.  

The key performance indicators are defined in Appendix F. In addition, the information of measurable 
data are given in Appendix G. Furthermore, the periods of data collection are introduced in Appendix 
H. 

In this section, the peak-PV period is defined as 10:00-15:00 of each day, and the peak-load period as 
19:00-23:00 of each day. This section demonstrates the analysis results of peak-PV period as an 
example with detailed explanation, and the analysis figures of peak-load period can be found in 
Appendix I. 

For AusNet Services network, the following operational modes were tested. 

• PSD@ORI (Baseline): PSDs are at their original phase positions, and PCD is disabled. 

• PSD@OPT: PSDs are at their optimal day-ahead phase positions, and PCD is disabled. 

• PSD@ORI+PCD@COM: PSDs are at their original phase positions, and PCD is operated at the 
complex mode (balancing active power and controlling power factor in the DT, simultaneously). 

• PSD@OPT+PCD@COM: PSDs are at their optimal day-ahead phase positions, and PCD is operated 
at the complex mode. 

• PSD@OPT+PCD@ACT: PSDs are at their optimal day-ahead phase positions, and PCD is operated 
to balance active power among three phases in the DT. 

• PSD@OPT+PCD@REA: PSDs are at their optimal day-ahead phase positions, and PCD is operated 
to compensate reactive power in each phase of the DT independently. The control purpose of the 
PCD is to make the power factor in each phase as close to 1.0 as possible. 

Due to Jemena setup being different to AusNet Services, tests of difference operational modes can 
only be conducted on site. Restrictions imposed by COVID-19 has affected the collected data 
availability. For Jemena network, the following operational modes were tested. 

• PSD@ORI+PCD@COM: PSDs are at their original positions, and PCD is operated at the complex 
mode (balancing active power and controlling power factor in the DT simultaneously). 

• PSD@OPT+PCD@COM: PSDs are at their optimal day-ahead positions, and PCD is operated at the 
complex mode. 

5.1 AusNet Services Network 

5.1.1 Power Unbalance in the DT 

Under the various operational modes, power unbalance in the DT is presented statistically in Fig. 5.1, 
where the Y-axis is the cumulative distribution function (CDF) to depict the percentage of power 
unbalance under a specific level. Taking the Baseline as an example, 40% of the recorded data is with 
the power unbalance level of less than 5kW. 

As the day-ahead control strategy of phase-switching devices (PSDs) is determined assuming PVs 
generating maximum values, the maximum power unbalance has been effectively mitigated 
compared with the Baseline. This also implies that if day-ahead PV forecast is available in the future 
and PSD positions could be optimised accordingly, the power unbalance level will be further mitigated 
by optimally controlling PSDs. 
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On the other hand, when power compensation device (PCD) is controlled at complex mode or to 
balance active power in the DT, the power unbalance in the DT could be significantly mitigated to an 
even lower level in the network. 

 

Figure 5.1: Power unbalance in peak-PV periods for AusNet Services network. 

Balancing the power in the DT has the following benefits to the network operation. 

• Avoiding the transformer prematurely ageing due to unbalanced loads. 

• Enhancing operational reliability by reducing occurrences of single-phase fuse overload. 

• Mitigating voltage unbalance that may have an adverse impact on customer three-phase 
connected equipment. 

In summary, the benefits in balancing power by merely using day-ahead control of PSDs cannot be 
guaranteed, because photovoltaic (PV) generation and residential demand cannot be predicted with 
certainty and the network topology may be changed sometimes. However, operating PCD to balance 
active power or at complex mode, together with optimising PSDs, could efficiently address the power 
unbalance issue in the DT. 

It is interesting to note that when the PCD is disabled, the Baseline performs better than when PSD is 
placed at optimal positions for peak-PV periods. This is mainly due to the dramatic changes in load 
profiles due to Covid-19 during the project and the time gap in updating the optimal PSD phase 
positions that were calculated in early trial days.  

5.1.2 Current Unbalance in the DT 

The current unbalance in each circuit is presented in Fig. 5.2. 

Obviously, the value of current unbalance is always non-negative and cannot be greater than 2.0. 
Furthermore, current unbalance being greater than 1.0 implies that at least two phases in the same 
branch have different active power flow directions. This usually happens when at least one phase is 
importing active power from the upstream grid, while at least one phase is exporting active power to 
the upstream grid due to high PV generation. Here, this situation is named as unbalance-led reverse 
power flow. 
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Figure 5.2: Current unbalance in peak-PV periods for AusNet Services network. 

For Distribution Circuit 1, the overall current unbalance and the probability of the unbalance-led 
reverse power flow in the mode of PSD@OPT are much lower than those of the Baseline. 

For Distribution Circuit 2, when no unbalance-led reverse power flow occurs, Baseline and PSD@OPT 
performances are close to each other. However, PSD@OPT outperforms the Baseline when the 
unbalance-led reverse power flow occurs. 

5.1.3 Reverse Power Flow in the DT 

The reverse power flow in the DT is presented in Fig. 5.3. 

The reverse power flow in the peak-PV periods exists in approximately 50% of timestamps recorded 
in the Baseline. By contrast, the number is reduced to 0% in the mode of PSD@OPT+PCD@ACT that 
has the strongest capability to balance active power in the DT. For other operational modes, the 
percentage of data points with reverse power flow has also been effectively reduced in comparison 
with the Baseline, but with various efforts.  

 

Figure 5.3: Minimum active power delivered by the DT in peak-PV periods for AusNet Services network. 

It should be noted that due to the changed network topology and load patterns during the project, 
errors are inevitable in the presented results. For example, theoretically the operational mode of 
PSD@OPT+PCD@COM should have stronger capability in addressing the reverse power flow issue 
than PSD@OPT. However, this figure shows that PSD@OPT leads to less than 10% of reverse power 
flow while PSD@OPT+PCD@COM does about 20%. This implies that the PSD phase positions should 
be optimised when parameters, including network topology and load profiles, have been changed. 
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The recorded data has demonstrated the introduced network technologies can help address the 
reverse power flow issue in the DT. This could potentially help the network host more PVs, if the level 
of single-phase reverse power flow in the DT is limited. 

5.1.4 Average Power Factor in the DT 

Obviously, the average power factor describes the DT usage efficiency in transferring active power. In 
other words, the usage efficiency of the DT will be higher in transferring active power, including 
exporting more PV generation, if the power factor is closer to 1.0. 

The analysis result of the average power factor is presented in Fig. 5.4. 

From this figure, the average power factor can be significantly improved by introducing either PSDs or 
PCD. 

 

Figure 5.4: Average power factor at the DT in peak-PV periods for AusNet Services network. 

Typically, the best operational performance can be achieved when PSDs are at their optimal day-ahead 
positions, and PCD is operating at power factor operational mode or complex mode. It should be noted 
that operational performances are different with PCD at different modes, because the reactive power 
capacities the PCD provides for the different purposes are different. 

5.1.5 Voltage Drops in the Network 

Voltage drops, i.e., the differences between the corrected PCD voltage and PSD voltages, are 
presented statistically in Fig. 5.5. 

It is noteworthy that the whole voltage level of the network cannot be determined merely by the 
introduced grid-side technologies. In fact, the whole voltage level can be significantly affected by the 
voltage level at the DT primary side, which is usually determined by the operation of upstream 
medium voltage distribution network (MVDN).  

However, when PSDs or PCD are introduced to the network, theoretically, the voltage drops around 
the midday (10:00-14:00) should be larger than those of the Baseline. As a result, PSDs or PCD could 
potentially help the network host more PVs. It is worth noting that the over-voltage issue is the 
primary factor that undermines the network DER hosting capacity. 
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Figure 5.5: Voltage drops throughout the network in peak-PV periods for AusNet Services network. 

Although the benefit brought by PSDs and PCD are validated from this figure, it should be further 
demonstrated by simulations. It is because the errors of measurements from PSDs and PCD, which 
may make the analysis results unreliable. 

5.2 Jemena Network 

5.2.1 Power Unbalance in the DT 

The power unbalance result for Jemena network is presented statistically in Fig. 5.6. 

As the capability of PCD to balance active power in the DT is intense, the active power unbalance in 
the DT under all the operational modes is relatively small.  

Moreover, the benefit of optimally operating PSDs can be demonstrated. It is worth noting that the 
maximum observed power unbalance level has been significantly mitigated, when the PSD positions 
are optimised. 

 

Figure 5.6: Power unbalance in peak-PV periods for Jemena network. 

5.2.2 Current Unbalance in the DT 

The current unbalance result for Jemena network is presented in Fig. 5.7. 

The mode of PSD@OPT+PCD@COM outperforms the other one for Distribution Circuit 1, while these 
two modes have similar performances are similar for Distribution Circuit 2. As the unbalance-led 
reverse power flow occurs, the operational mode of PSD@OPT+PCD@COM generally leads to less 
occurrence of such reverse power flows. 
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Figure 5.7: Current unbalance in peak-PV periods for Jemena network. 

5.2.3 Reverse Power Flow in the DT 

The reverse power flow result for Jemena network is presented in Fig. 5.8. 

As indicated by the result, reverse power flow exists only for a small percentage of collected data, i.e., 
less than 5% for both operational modes.  

It is also noteworthy that the operational mode of PSD@OPT+PCD@COM generally leads to the higher 
level of minimum active power than PSD@ORI+PCD@COM, which means switching PSDs to the 
optimal phase positions helps balance active power in the DT. 

 

Figure 5.8: Minimum active power delivered by the DT in peak-PV periods for Jemena network. 

5.2.4 Average Power Factor in the DT 

Last, the average power factor is statistically presented in Fig. 5.9. 

The average power factor can be significantly improved when PCD is operating at complex mode. 
Generally, the operational mode of PSD@OPT+PCD@COM performs slightly better than 
PSD@ORI+PCD@COM.  
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Figure 5.9: Average power factor at the DT in peak-PV periods for Jemena network. 

5.3 Conclusions and Remarks 

Based on the previous data analysis, conclusions are summarised as follows. 

1. AusNet Services network 

• Operating PCD to balance active power or at complex mode, together with optimal control of 
PSDs, could help efficiently address the power unbalance issue in the DT, which could benefit 
the network operation. 

• For peak-PV periods, the overall current unbalance in the two branches can be mitigated by 
switching PSDs to their optimal day-ahead positions. Moreover, the occurrence of unbalance-
led reverse power flow can be reduced compared with the Baseline. However, PSD control 
strategies should be further optimised to address the current unbalance in each branch during 
peak-load periods. 

• Reverse power flow in the network can be effectively addressed by introducing PSDs and PCD. 

• The average power factor in the DT can be significantly improved by introducing either PSDs 
or PCD, thus effectively improving the DT usage efficiency in transferring active power. 

• Theoretically, optimally controlling PSDs or PCD could help address the over-voltage issues 
during peak-PV periods. However, the benefit should be further demonstrated via operational 
simulations due to PCD and PSD measurement errors. The operational simulations will be 
covered in the next section. 

2. Jemena network 

• With PCD working at complex mode, power unbalance in the DT can be significantly mitigated. 
Optimising PSD positions could further help the network cope with power unbalance during 
peak-PV periods. 

• With PCD working at complex mode, operating PSDs at their optimal positions could help 
address the unbalance-led reverse power issues in the network. 

• Switching PSDs to optimal phase positions and controlling PCD at complex mode could 
effectively help the network address reverse power flow issue. 

• Under both PSD@ORI+PCD@COM and PSD@OPT+PCD@COM, the average power factor in 
the DT can be effectively improved. 

In summary, the effectiveness of improving the network operational performance has been 
demonstrated by analysing the collected operational data. However, it should be noted that errors in 
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analysing the data may exist due to measurement errors and data availability. Moreover, the studied 
networks’ operational performance may vary in the future due to more PV customers, newly 
connected non-PV customers, upgraded network infrastructure and network operational rules etc. 

Generally, the better operational performance for a network will lead to the higher DER hosting 
capacity, which is further investigated in Section 8 following the operational simulations in Section 7. 
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6 Operational Simulations 

The methodology used to analyse the network operational performance under various operational 
modes are based on unbalanced three-phase power flow (UTPF) algorithm with implementing 
different control strategies of PSD, PCD and battery energy storage system (BESS), using the network 
models established in Section 2.1. The operational modes and simulation parameters including 
operational conditions and optimal PSD phase positions are given in Appendix J and K, for AusNet 
Services and Jemena networks respectively. 

Under the various operational modes, the operational performance, including the voltage levels, 
power unbalance in the DT, maximum active power in the DT, is analysed under the corresponding 
operational conditions. 

6.1 AusNet Services Network 

6.1.1 Voltage Levels in the Network 

The maximum and minimum voltage levels in their magnitude values for AusNet Services network are 
presented in Fig. 6.1. 

 

Figure 6.1: Voltage levels in AusNet Services network. 

In the figure, over-voltage issues are observed around the midday when PSDs are at their initial 
positions, even if the PCD is enabled at the complex mode. By contrast, the over-voltage issue can be 
effectively addressed after switching PSDs to the optimised positions.  

The simulation results imply that introducing PCD has limited impacts on addressing the network over-
voltage issue, which is because 1) The PCD is installed at the secondary side of the DT and can only 
affect the power flowing through the DT; 2) The difference of active power among three phases, and 
the reactive power is small compared with the active power flowing through the DT. 

Similarly, the voltage levels from 18:00 to 21:00 can be under 0.90 p.u. with PSDs at their initial 
positions. After switching PSDs to the optimal positions, the under-voltage issue has been mitigated. 

6.1.2 Power Unbalance in the DT 

The simulation results of power unbalance are presented in Fig. 6.2. 

Compared to PSD@ORI (Baseline), the power unbalance under operational modes PSD@OPT and 
PSD@OPT+PCD@REA is effectively mitigated.  

Moreover, the power unbalance throughout the whole day could be reduced to sufficiently small 
levels under PSD@ORI+PCD@COM, PSD@OPT+PCD@ACT and PSD@OPT+PCD@COM. 
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Figure 6.2: Power unbalance levels in AusNet Services network. 

6.1.3 Maximum Active Power in the DT 

The maximum active power in the DT is presented in Fig. 6.3, where the exporting limit is set as 40 kW 
(120 kW in total for three phases). 

 

Figure 6.3: Maximum reverse power flow in AusNet Services network. 

Obviously, the DT reverse power flow exceeds the upper limit before introducing PSDs and/or PCD. By 
contrast, the reverse power flow issue could be effectively addressed after optimising PSD phase 
positions and be further mitigated if PCD is used to balance active power in the DT or at complex 
mode. 

6.2 Jemena Network 

6.2.1 Voltage Levels in the Network 

The maximum and minimum voltage levels in their magnitude values for Jemena network are 
presented in Fig. 6.4, and the zoomed maximum voltage level is shown in Fig. 6.5. 

The over-voltage issue occurred around the midday under the operational mode of PSD@ORI 
(Baseline). This issue can be mitigated by PSD@OPT and PSD@OPT+PCD@COM, and further 
effectively addressed under the operational modes of PSD@OPT+PCD@ACT+BESS@Vctrl and 
PSD@OPT+PCD@Vctrl+BESS@Vctrl.  

The results demonstrate that introducing these devices could help the network mitigate over-voltage 
issues due to high PV penetration. However, operational performance may vary under different 
operational modes. 
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Figure 6.4: Voltage levels in Jemena network. 

 

Figure 6.5: Zoomed voltage levels in Jemena network. 

As shown in Fig. 6.4, no under-voltage issue has been detected in the evening, due to the high voltage 
levels at the DT primary side. To further investigate the device capabilities in addressing the under-
voltage issue, the DT primary side voltages are manually modified to 0.1105 p.u. The voltage levels 
under this scenario are presented in Fig. 6.6 and 6.7. 

 

Figure 6.6: Voltage levels in Jemena network. 
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Figure 6.7: Zoomed voltage levels in Jemena network. 

As shown in Fig 6.7, the network experiences a significant under-voltage issue from 16:30 to 21:00, 
which can be mitigated under PSD@OPT and PSD@OPT+PCD@COM. Furthermore, the under-voltage 
issue can be fully addressed under the operational modes of PSD@OPT+PCD@Vctrl+BESS@Vctrl and 
PSD@OPT+PCD@ACT+BESS@Vctrl. 

6.2.2 Power Unbalance in the DT 

The simulation results of power unbalance are presented in Fig. 6.8. 

Compared with PSD@ORI (Baseline), the power unbalance is effectively mitigated under other 
operational modes, particularly around peak-PV and peak-load hours.  

Moreover, the power unbalance could be reduced to low levels under the operational modes when 
PCD are operated to balance active power or at complex mode. 

 

Figure 6.8: Power unbalance in Jemena network. 

6.2.3 Maximum Active Power in the DT 

The simulation results are presented in Fig. 6.9, where the exporting limit is set as 25 kW for illustration 
purposes only.  

Obviously, reverse power flow exceeds the upper limit from 11:00 to 14:30 under PSD@ORI (Baseline), 
which could be mitigated by all other operational modes. Notably, reverse power flow can be 
controlled within the limits under PSD@OPT+PCD@COM+BESS@verP. 
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Figure 6.9: Maximum reverse power flow in Jemena network. 

It should be noted that the BESS is controlled based on single-phase reverse power flow in the 
simulation. In other words, if reverse power flow occurs for any phase in the DT, the BESS will be 
charged to alleviate such situations. However, the control algorithm deployed in practice is based on 
three-phase reverse power flow, which means the BESS will be charged only if the sum of active power 
exported via the DT exceeds the specified reverse power flow limit. As the sum of active power being 
under the limit does not guarantee the reverse power flow in each phase is under the limit, the control 
strategy based on three-phase cannot always lead to expected results. 

The comparative studies for the two strategies are presented in in Fig. 6.10, where the single-phase 
reverse power flow is violated although the value for three-phase is still within the limit. Therefore, 
the control strategy based on single-phase is recommended to further improve the efficacy of the 
control strategies in the future. 

 

Figure 6.10: Maximum/total active power in the DT based on single-phase and three-phase control strategies in Jemena 
network. 

6.2.4 Apparent Power in the DT 

This case is used to demonstrate the network capability in addressing the overload condition via BESS. 
The simulation results are presented in Fig. 6.11, where thermal limit of the DT in total is 200 kVA. 
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Figure 6.11: Total apparent power in the DT (Jemena network). 

Obviously, the total active power in the DT and the DT maximum active power in a single phase 
exceeds the upper limit around 18:30 and from 18:00 to 24:00 respectively for all operational modes 
except PSD@OPT+PCD@ACT+BESS@overP, demonstrating the BESS capability to address the 
overload issue during peak-load periods in the evening. 

6.3 Conclusions and Remarks 

To clearly compare various operational modes, their performance in addressing different targeting 
issues is roughly classified as high, medium, low-to-medium and low efficiencies in Table 6.1. 

Table 6.1 Operational performance assessment under different modes. 

 

Based on the results in Table 6.1, conclusions are summarised as follows. 

• On addressing the over/under-voltage issue, using PCD and/or BESS4 could lead to the best 
performance, followed by optimally controlling PSDs. By contrast, merely controlling PCD does 
not lead to much performance improvements than its original operational state. 

• On addressing the power unbalance issue, employing PCD to balance active power or at complex 
mode leads to the best performance, followed by optimally controlling PSDs. 

• Using BESS to address the reverse power flow issue could lead to best operational performance 
while controlling PCD to balance active power or at complex mode could lead to moderate 
performance improvements. By contrast, optimally controlling PSDs could help address the 
reverse power flow issue with low to moderate performance improvement. 

 
4 As discussed previously, the voltage operational mode for PCD is available only when in 

conjunction with BESS. 
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• BESS could also be used to efficiently address the overload issue in the DT while controlling PCD 
to balance active power or at complex mode could lead to moderate operational improvement, 
and optimally controlling PSDs only brings low to medium level of improvement. 

PSDs are recommended to be switched to optimal positions at different periods to achieve the best 
operational performance improvement. In contrast, PCD is recommended to be operated to balance 
active power or at complex mode, and BESS should be operated at different operational modes 
according to the specific control target. 

Based on the simulation results, we also have the following remarks. 

• Controlling PCD for power factor control purposes have both advantage and disadvantage. The 
advantage is that most DT capacity could be used to transfer active power, while the disadvantage 
is that it could exacerbate the over/under-voltage issue. For example, when the network is 
exporting active power while importing reactive power via the DT, PCD working at power factor 
operational mode will increase voltage rise in the DT, leading to higher voltage levels in the 
network. This can be verified by comparing the voltage levels under PSD@OPT and PCD@COM for 
Jemena network. However, the difference is not significant in AusNet Services network, because 
the reactive power levels during the day are much lower than Jemena network. 

• On controlling the reverse power flow or overload issues in the DT, setting the maximum single-
phase active power or apparent power among three phases as the control objective would be a 
better choice although currently the BESS control strategy is based on the sum of active power or 
apparent power in three phases. 

• The optimal positions of PSDs are determined according to two specific load scenarios at peak-PV 
and peak-load periods of the following day, which means they may not be optimal, 

o for other periods throughout the day, and 
o if significant deviations occur from the forecasted PV generation and residential demand in 

intraday operation. 

• Therefore, the network operational performance could be further improved by 

o making accurate forecast available for PV generation and residential demand; 
o employing novel optimisation methodologies, e.g., stochastic optimisation and robust 

optimisation, to take PV and demand uncertainties into account when determining PSD 
optimal phase positions. 

o further developing and implementing efficient real-time PSD control strategies, which can 
adjust PSD phase positions when measured load profiles or other parameters are different 
from what has been expected. 

• Optimising the DT tap ratios, setting Q-V droop control of residential PV inverters, or advanced 
PCD control could also benefit addressing the over-voltage issue, which, however, are not covered 
in the operational simulation. 

As over-voltage, reverse power flow and DT overload are three major factors that impact a network 
capability to host PV generation, introducing and optimally controlling PSDs, PCD and BESS could 
potentially improve a network DER hosting capacity in varying degrees noting that they could help 
address these operational issues. However, quantifying the DER hosting capacity improvements 
brought by these devices needs more simulations, which will be discussed in the next section. 
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7 Hosting Capacity Assessment 

This section aims to assess the hosting capacity before and after introducing the PSDs, PCD and BESS 
in the two networks. 

7.1 AusNet Services Network 

For AusNet Services network, five operational modes, i.e., PSD@ORI (Baseline), PSD@OPT, 
PSD@OPT+PCD@REA, PSD@OPT+PCD@ACT and PSD@OPT+PCD@COM, are investigated in this 
section. 

Under various customer penetration levels, the upper bound (UB) or lower bound (LB) of VMmax, 
VMmin, p-Smax and p-RPmax with the confidence levels of 98% are presented in Fig. 7.1. 

 

Figure 7.1: Acceptable customer penetration levels for AusNet Services network. 

As shown in the figure, when considering the UB of the VMmax, the acceptable customer penetration 
for PSD@ORI (Baseline) is 35%, which implies a further higher customer penetration will lead to an 
over-voltage issue in the network. For all other operational modes, the acceptable customer 
penetration is 45%, which is higher than that in PSD@ORI (Baseline). Comparing 
PSD@OPT+PCD@REA, PSD@OPT+PCD@ACT and PSD@OPT+PSD@COM with PSD@OPT, it is found 
that the customer penetration levels limited by VMmax remain unchanged, although PCD is 
introduced to the network and helps improve the network performance regarding the reverse power 
flow limit. This is because introducing PCD will bring limited benefit in addressing the network over-
voltage issue due to the following reasons. 

• The values of reactive power running through the DT are small; 

• The PCD is located at the secondary side of the DT which does not have a high impedance, which 
means balancing active power and compensating reactive power achieved by the PCD will have 
limited impacts on the network voltage. 

A similar analysis can be applied when considering the UBs of p-Smax and p-RPmax, where 
PSD@OPT+PCD@ACT leads to best performance regarding both p-Smax and p-RPmax. The lower 
voltage limit VMmin, as its LBs under all operational modes are well over 0.94 p.u., will not undermine 
the system capability to host more PVs. 

After considering the acceptable customer penetration levels under all monitored variables, the 
hosting capacity indicated by the customer penetration level for AusNet Services network is 
summarised in Table 7.1. Furthermore, the hosting capacity for AusNet Services network under the 
different operational modes can be assessed in Table 7.2.  

As shown in the table, the customer penetration level increases as PSD and/or PCD are introduced 
and operated at specified operational modes compared with PSD@ORI (Baseline), and the major 
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influencing factors are over-voltage and reverse power flow issues. Specifically, after switching PSDs 
to the optimal phase positions, the customer penetration level could be increased to 40% compared 
with PSD@ORI (Baseline) by mitigating the reverse power flow issue. When controlling the PCD to 
balance active power or at complex mode, the over-voltage will be the major factor that limit the 
network capability to host PVs, leading to the customer penetration of 45%. 

Table 7.1 Customer penetration level assessment for AusNet Services network. 

 

Table 7.2 Hosting capacity assessment for AusNet Services network. 

 

However, it should be noted that as the increasing customer penetration level has a fixed step size of 
5% in our case and each newly installed PV is assumed to have a size of 5 kW, simulation results may 
differ if the increasing step and the specified PV capacity are different from the given parameters. 

7.2 Jemena Network 

For Jemena network, all the operational modes discussed in Section 6 were investigated except 
PSD@OPT and PSD@OPT+PCD@ACT+BESS@overP. Under various customer penetration levels, the 
upper bound and lower bound of VMmax, VMmin, p-Smax and p-RPmax with the confidence level of 
95% are presented in Fig 7.2. 

 

Figure 7.2: Acceptable customer penetration levels for Jemena network. 

As shown in Fig. 7.2, the studied operational modes perform differently based on different metrics. 
For instance, the operational mode PSD@OPT+PCD@ACT+BESS@Vctrl presents the best performance 
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in addressing the over-voltage issue while PSD@OPT+PCD@COM+BESS@revP performs best in 
alleviating the stress load in the DT. 

From the simulation results, it can be noted the improvement of customer penetration level in Jemena 
network is not as significant as AusNet Services network, which is because the voltage at the DT 
primary side is as high as 1.071 p.u. and the total installed PV capacity has already reached 124.05 kW 
in Jemena network. 

Moreover, in addressing the over-voltage issue, the operational mode 
PSD@OPT+PCD@ACT+BESS@Vctrl outperforms the PSD@OPT+PCD@Vctrl+BESS@Vctrl, although the 
latter one uses both PCD and BESS to control the voltage. This is because in the operational mode 
PSD@OPT+PCD@Vctrl+BESS@Vctrl, when the highest voltage level in the network exceeds 1.1 p.u., 
PCD and/or BESS will be controlled to consume more reactive power to increase the voltage drop in 
the DT. However, we also require that this will be triggered only when each phase of the DT is not 
overloaded, i.e., the current magnitude being under the upper limit.  

As shown in Figure 8.2, the voltage control through PCD and/or BESS will not be activated for the 
operational mode PSD@OPT+PCD@Vctrl+BESS@Vctrl because the DT is overloaded before the 
network faces the over-voltage issue. By contrast, the voltage control is activated for the operational 
mode PSD@OPT+PCD@ACT+BESS@Vctrl when the customer penetration is less than 30% due to the 
PCD capability in alleviating the stressed DT. When the customer penetration level is higher than 30%, 
the BESS stops mitigating over-voltage issues in some PV installation scenarios due to the DT overload. 
In other words, mitigating or addressing the over-voltage issue via PCD and/or BESS will only be 
effective when the DT is not overloaded. 

After considering all monitored variable levels, the hosting capacity indicated by the customer 
penetration level for Jemena network is summarised in Table 7.3. Furthermore, the hosting capacity 
for Jemena network under the different operational modes can be assessed in Table 7.4.  

Table 7.3 Customer penetration level assessment for Jemena network. 

 

Table 7.4 Hosting capacity assessment for Jemena network 

 

According to these two tables, the following remarks can be obtained. 

• Noting that existing customer penetration level is 23.2%, simulation results under operational 
modes PSD@ORI(Baseline) and PSD@OPT+PCD@Vctrl+BESS@Vctrl imply that the network has 
already experienced some operational issues due to reverse power flow limit, even when the PSD 
phase positions are optimised. 
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• The reason that customer penetration levels under p-Smax and p-RPmax are very close to each 
other is that both p-Smax and p-RPmax are set at the value of 66.7 kW(kVA). 

• After introducing PCD at complex mode, stressed DT could be alleviated, leading to a higher 
customer penetration level 25%. 

• By controlling PCD to balance active power in the DT with BESS to control voltage, the stressed DT 
could be further alleviated, leading to higher penetration level 30%. 

• If BESS is controlled to mitigate reverse power flow issue, the corresponding customer penetration 
could reach 35%. However, due to the over-voltage issue, the overall customer penetration level 
will be 25%. 

7.3 Conclusions and Remarks 

Based on the simulation results, the conclusions are outlined as follows. 

• Over-voltage and reverse power flow are two major factors that will affect a network capability 
to host more PVs. 

• Optimally controlling PSDs could help mitigate both the over-voltage and the reverse power flow 
issues, leading to higher hosting capacity for a network. However, when the voltage level at the 
DT primary side is high, the hosting capacity improvement may be quite limited. 

• PCD working to balance active power or at complex mode could effectively help alleviate the stress 
in the DT, i.e., reducing the maximum single-phase apparent power and single-phase reverse 
power flow. As reactive power running through the DT is small in the studied networks, PCD 
working at power factor operational mode brings limited impacts on the network voltage level 
and will not bring significant benefit in increasing the hosting capacity. 

• PCD and BESS can control the network voltage and, as a result, could further improve the network 
hosting capacity if the DT is not overloaded. However, the voltage control by PCD and BESS may 
be ineffective when DT is already overloaded and, in such a case, changing PCD to balance active 
power will be more efficient. 

• It is recommended that in AusNet Services network, PSDs should be switched to optimal phase 
positions first, followed by controlling PCD to balance DT active power or at complex mode when 
the hosting installed PV capacity reaches 108.30 kW. For Jemena network, PSDs and PCD are 
recommended to be switched or controlled at optimal phase positions and at complex mode at 
the beginning, followed by the operational mode PSD@OPT+PCD@ACT+BESS@Vctrl. Then after 
reaching approximately 169.05 kW, the control strategy of the BESS should be further optimised 
via either introducing novel optimisation algorithm or be switched to mitigate reverse power flow 
in the DT while setting a lower DT terminal voltage. However, it should be noted that the number 
is based on the given assumptions of the simulations and for the specific network. In other words, 
the results may become quite different for other networks or for the same network with different 
operational conditions/control strategies. 

It should be noted that although the hosting capacity could be improved by introducing PSDs and PCD 
as demonstrated by the simulation results, assessment errors may exist due to the following factors: 

• The load profiles. Generally, more historical data used in the simulation could lead to more 
accurate results. However, this will lead to decreased computational efficiency. 

• The voltage profile at the DT primary side. In our case, the voltage is fixed as the estimated average 
value based on historical voltage data. However, the voltage could be higher or lower, leading to 
different assessment results. 

• The operational mode to be implemented in practice and the monitored variable in the 
assessment. For example, the implementation of advanced operational modes for PSDs and PCD 
could improve the hosting capacity, and the hosting capacity is likely to be limited mainly by 
VMmax if the three-phase reverse power flow limit is employed for AusNet Services network. For 
Jemena network, the selection of monitored voltage (the maximum network voltage or the 
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voltage at the DT secondary side), the control sequence of PCD and BESS in voltage control, the 
BESS charging/discharging strategy for active power, and how to measure the reverse power flow 
could all affect the assessment results. 

• Future rules on DER connections and operations. In the simulations, the maximum capacity of 
future PVs is assumed to have a unit size of 5 kW, and the power factor for each PV is assumed to 
be 1.0. However, the network operator requirements may change, leading to different assessment 
results. Moreover, if more customers are going to install solar batteries, purchase electric vehicles 
(EVs) or participate in the virtual power plant (VPP) scheme, the hosting capacity assessment 
process should consider such factors and the results may become quite different. 
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8 Extrapolation of results to other network types 

8.1 Other network types  

As demonstrated by the simulation results, the studied devices, i.e., the phase switching device (PSD), 
Static Var Generator (SVG) that is also named power compensation device (PCD) in the project, and 
the battery energy storage system (BESS) can effectively help the network address the unbalance 
issue, which leads to higher DER hosting capacity in the studied low-voltage distribution networks 
from AusNet Services and Jemena.  

On addressing the unbalance issue, the effectiveness of PCD, if controlled to balance active powers 
among three phases or at complex mode (part of its capacity to control reactive powers while the 
remaining capacity to balance active powers among three phases), is evident. Similarly, PSDs can also 
effectively help the network address the unbalance issue. However, the effectiveness may depend on 
their specific locations and need to be studied case by case. For the BESS, its capability to address the 
unbalance issue could be minimal because its active and reactive powers in three phases cannot be 
controlled independently in this project. 

A more balanced network generally implies fewer reverse power flows and over-voltage issues, both 
of which are major factors that will affect a network’s capability to host more DERs. Although the three 
grid-side technologies are effective in addressing such operational issues, their efficiencies on 
increasing DER hosting capacity depend on the network’s physical characteristics and should also be 
studied case by case for other networks. For example, operating PCD at complex mode with optimised 
PSD phase positions leads to 87.85% hosting capacity increment for the AusNet Services network. In 
comparison, the number is only 8.06% for the Jemena network because the voltage level, largely 
determined by the upstream medium-voltage distribution network (MVDN), is generally higher in the 
Jemena network than in the AusNet Services network.  

8.2 Effectiveness 

As indicated in the report “ARENA Post-Project Analysis Report” (The Report), over-voltage and 
reverse power flow are two major factors that will affect a network’s capability to host more PVs. 
Based on the simulation results, all three grid-side technologies have effectively increased the DER 
hosting capacity in the studied low-voltage distribution networks. However, the effectiveness varies 
depending on the network itself and the specific control modes.  

Optimally controlling PSDs could help mitigate both the over-voltage and the reverse power flow 
issues, leading to higher hosting capacity for a network. However, when the voltage level at the 
primary side of a distribution transformer (DT) is high, the hosting capacity improvement may be 
pretty limited. PCD working to balance active power or at complex mode could effectively help 
alleviate the stress in the DT, i.e., reducing the maximum single-phase apparent power and single-
phase reverse power flow. By contrast, as reactive power running through the DT is small in the 
studied networks, PCD working at power factor control strategies brings limited impacts on the 
network’s voltage level and will not significantly increase the hosting capacity. 

Moreover, if both PCD and BESS are used to control the network’s voltage, the DER hosting capacity 
can be effectively increased when the DT is not overloaded. However, the voltage control by PCD and 
BESS may be ineffective when DT is already overloaded and, in such a case, changing PCD to balance 
active powers will be more efficient. 

The DER hosting capacity improvement may be quite different in different networks. For example, as 
shown in Table 7, which is also given below, of The Report, the hosting capacity could increase by 
87.85% for the AusNet Services network when PCD is at complex mode with optimised PSD phase 
positions. By contrast, the improvement is only at 8.06% for the Jemena network, as shown in Table 
10 (given below) in The Report, which is because the Jemena network has already faced operational 
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issues, e.g., over-voltage issues, before introducing the new technologies. As a result, the DER hosting 
capacity could be significantly increased by 64.49% if the DT’s terminal voltage could be controlled to 
a lower level around midday, as shown by the simulation results under the control mode 
“PSD@OPT+PCD@COM+BESS@revP (DT terminal voltage at 1.05 p.u.)” in Table 10.  

In summary, for the AusNet Services network, optimising PSD phase positions could help the network 
host 58.87% more DERs, and the number could be further increased to 87.75% if the PCD is controlled 
to balance active powers among three phases or at complex mode. By contrast, the future DER hosting 
capacity could only be increased by 29.28% without any introduced grid-side technologies.  

For the Jemena network, optimising PSD phase positions plus controlling PCD at complex mode could 
help increase the DER hosting capacity by 8.06%, and the number could further be increased to 36.27% 
if PCD is controlled to balance active powers among three phases and BESS is used to control the 
network’s voltage level. However, it should be noted that as the network has already faced operational 
issues, introducing the grid-side technologies not only help address the existing operational issues but 
also further help to host more DERs. Moreover, the DER hosting capacity could be further increased 
by 64.49% if the DT’s terminal voltage could be further optimised in the future. 

 

 

It is noteworthy that the simulation results in Table 7 and Table 10 are the most conservative 
estimations because they represent the results from some worst PV installation results. Table 8 and 
Table 11 from The Report are given below, which shows both the most conservative and most 
optimistic estimations to show the spectrum of DER hosting capacity under various future PV 
installation scenarios.  

 



   

 

54 

 

 

Taking the control model “PSD@OPT+PCD@ACT+BESS@Vctrl” in the Jemena network as an example, 
the actual DER hosting capacity is estimated as 169.05 kW acceptable PV capacity in the future is 
believed to fall between 169.05 kW and 204.05 kW depending on the specific PV installation scenarios.  

It should be noted that although the hosting capacity could be improved by the grid-side technologies 
as demonstrated by the simulation results, assessment errors may exist due to 1) the load profiles 
used for simulation; 2) the voltage profile at the DT’s primary side; 3) the operational mode to be 
implemented in practice and the monitored variable in the assessment; and 4) future rules on DER 
connections and operations. 

8.3 Pathway for mass adoption 

While the three grid-side technologies are demonstrated effective in ameliorating the network’s 
operational performance and, as a result, increasing the DER hosting capacity, the pathway for mass 
adoption of the technologies could face several potential challenges and can be summarised as 
follows. 

• The accurate modelling of the low-voltage distribution network (LVDN). Compared with 
transmission and medium-voltage distribution networks, the operation of LVDN could be quite 
different due to the challenges in accurately modelling the network. Although the network 
information, e.g., phase positions of residential customers, network topology and line 
impedances, are available for the trialled networks, acquiring such data may be quite challenging 
or even impossible for other networks. In the latter case, novel methodologies to estimate such 
information may be required.  

•  The availability of electricity data from residential customers. The residential customers’ 
electricity data is essential to simulate the network’s operational performance in the future with 
more DERs or newly introduced technologies. However, such data for simulation purposes may 
be unavailable before smart meter are rolled out in the network. Noting that most smart meters 
only record a residential customer’s net demand, the disaggregation of its electricity demand from 
the PV generation is also critical in analysing the impacts of PV penetration on the network’s 
operation. In addition, acquiring, processing and accessing residential customers’ data should also 
be careful to ensure their privacy is protected. 

• The accurate forecast of residential customers’ electricity demands and PV generations. In the 
practical operation of the PSDs, the total times to switch them during the day may be limited to 
minimise their impacts on the power supply to residential customers. Therefore, accurately 
forecasting residential customers’ demands and PV generations could help achieve optimal day-
ahead PSD control strategies. 

• The capability of the network to implement advanced control algorithms in the LVDN. To maximise 
the benefits brought by PSDs, PCD and BESS, advanced optimisation and control algorithms are 
necessary, which can be realised only if the network operator is able to implement them in its 
existing operation platform.  
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9 Cost Benefit Analysis 

The cost benefit analysis examined the direct customer benefit arising from a hosting capacity increase 
in the form of feed-in tariff revenue earned from additional solar generation (assuming all generation 
is exported). Other customer benefits, such as reduction of energy imported from the grid, are not 
quantified. Future benefits that come with the installation of behind-the-meter battery storage, such 
as participating in the wholesale energy market and ancillary services, have not been accounted for. 

The costs for implementing the technologies are based on the average costs across the Jemena and 
AusNet Services sites, inclusive of both direct and indirect costs. Net-present-Value (NPV) is calculated 
over different periods due to different engineering life of the equipment. Sensitivity analysis is used 
to examine the effect of reduction of various components of the project cost. 

The cost benefit analysis for the project is performed with the following assumptions: 

• Notional / BAU costs assumed for analysis rather than project costs I.e. one-off project costs 
associated with first trial project are discounted 

• UNSW cost for studies (placement / control design) has been included. This cost does not include 
the cost of buying appliances and bench testing, considered one-off only to establish the effect of 
PSD switching. 

• Hosting capacity increase is taken from the UNSW study report Section 4 Hosting Capacity 
Assessment. The hosting capacity increase and the resultant solar generation is valued using the 
current Feed in Tariff in Victoria (6.7 c/kWh), assuming that 100% of the additional solar 
generation is exported back to the grid. 

• In the case of including BESS in the analysis, it is assumed this is introduced to defer replacement 
of an overloaded distribution substation at a cost of $200,000. 

• Discount rate of 6% is assumed. 

9.1 Inputs 

Cost inputs were provided from Jemena, AusNet Services and UNSW. These are summarised below. 

Cost V2 

  

Jemena 
Comparison with AusNet 

Services Costs 

PSD PSD+PCD 
PSD+PCD+BE

SS PSD PSD+PCD 

Equipment $57,053.71 
$113,097.3

5 $387,227.07 $36,765.99 $48,945.73 

Project management $43,271.80 $57,118.78 $114,237.55   

Engineering $45,123.00 $59,562.36 $119,124.72 $99,795.30 
$199,590.6

0 

Installation design $11,107.20 $14,661.50 $21,992.26 $3,962.73 $7,925.45 

Installation and 
Commissioning $42,296.45 $67,674.32 $153,194.20 $58,310.20 $72,887.75 

BESS Land hire and 
prep   $13,797.23   



   

 

56 

 

Cost V2 

  

Jemena 
Comparison with AusNet 

Services Costs 

PSD PSD+PCD 
PSD+PCD+BE

SS PSD PSD+PCD 

Travel      

Misc      

Other    $9,201.62 $14,910.26 

Total 
$198,852.1

6 
$312,114.3

1 $809,573.03 $208,035.83 
$344,259.7

8 

  

Device Description 
UNSW Cost without 

bench testing 

PSD 

salary for placement/control design 

salary for performance analysis 

$144,926 

PCD $36, 232 

BESS $124,199 

Additional information to inform cost input is as follows: 

• Feed in Tariff (6.7 c/kWh) 

• Daily Energy Production – Mean Annual kWh/kW with 85% solar coupling and efficiency (3.5 
kWh/kW)  

• Hosting capacity increase taken from UNSW analysis report  

9.2 Results 

The cost benefit analysis was considered for the three technologies separately as follows: 

• PSD installation 

• PSD + PCD installation 

• PCS + PCD + BESS installation 

The following benefits are found. The net present value (NPV) is calculated for 10 – 30 years. 

Net Present Value 
Period 

PSD Installation 
PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV10 -$187,430.75 -$312,046.55 -$649,444.17 

NPV15 -$160,638.79 -$283,094.82 -$613,681.76 

NPV20 -$140,621.50 -$261,463.87 -$586,774.81 
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Net Present Value 
Period 

PSD Installation 
PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV25 -$125,658.97 -$245,295.18 -$566,802.32 

NPV30 -$114,486.75 -$233,222.34 -$551,784.80 

Sensitivity was completed for when UNSW study costs were not included, assuming DNSPs acquire 
this capability and implement as BAU activities.  

Net Present Value 
Period 

PSD Installation 
PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV10 -$114,967.55 -$221,467.55 -$496,765.72 

NPV15 -$88,175.59 -$192,515.82 -$461,003.31 

NPV20 -$68,158.30 -$170,884.87 -$434,096.36 

NPV25 -$53,195.77 -$154,716.18 -$414,123.87 

NPV30 -$42,023.55 -$142,643.34 -$399,106.35 

Sensitivity was completed for when UNSW study costs were not included and equipment costs were 
reduced by 10-70%, assuming the equipment becomes more standard off the shelf type equipment. 

Net Present Value 
Period 

(equipment costs 90% 
of nominal) 

PSD Installation 
PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV10 -$109,262.18 -$210,157.81 -$458,043.01 

NPV15 -$82,470.22 -$181,206.08 -$422,280.60 

NPV20 -$62,452.93 -$159,575.14 -$395,373.65 

NPV25 -$47,490.40 -$143,406.45 -$375,401.16 

NPV30 -$36,318.18 -$131,333.60 -$360,383.64 

  

Net Present Value 
Period 

(equipment costs 60% 
of nominal) 

PSD Installation 
PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV10 -$92,146.07 -$176,228.61 -$341,874.89 
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Net Present Value 
Period 

(equipment costs 60% 
of nominal) 

PSD Installation 
PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV15 -$65,354.11 -$147,276.88 -$306,112.48 

NPV20 -$45,336.82 -$125,645.93 -$279,205.53 

NPV25 -$30,374.29 -$109,477.24 -$259,233.04 

NPV30 -$19,202.07 -$97,404.40 -$244,215.52 

  

Net Present Value 
Period 

(equipment costs 30% 
of nominal) 

PSD Installation 
PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV10 -$75,029.96 -$142,299.40 -$225,706.77 

NPV15 -$48,238.00 -$113,347.67 -$189,944.36 

NPV20 -$28,220.70 -$91,716.73 -$163,037.41 

NPV25 -$13,258.18 -$75,548.04 -$143,064.91 

NPV30 -$2,085.96 -$63,475.19 -$128,047.40 

As Project management, Engineering, Installation and Commissioning (PMEIC) costs are a significant 
cost in the installation of the devices, a significant cost reduction in the equipment cost does not result 
in net benefits for installing the three equipment types. 

Reducing PMEIC costs by 20%, assuming that role out of the technology has become more standard 
and procedures have become well established, provides the following cost benefits when combined 
with equipment cost reduction and zero UNSW study costs. 
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Net Present Value Period 

(equipment costs 90% of 
nominal,  

PMEIC 80% of nominal) 

PSD 
Installatio

n 

PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV10 
-

$80,902.49 -$170,354.42 -$376,333.26 

NPV15 
-

$54,110.53 -$141,402.69 -$340,570.86 

NPV20 
-

$34,093.24 -$119,771.75 -$313,663.90 

NPV25 
-

$19,130.71 -$103,603.06 -$293,691.41 

NPV30 -$7,958.49 -$91,530.21 -$278,673.89 

 

Net Present Value Period 

(equipment costs 60% of 
nominal,  

PMEIC 80% of nominal) 

PSD 
Installation 

PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV10 -$63,786.38 -$136,425.21 -$260,165.14 

NPV15 -$36,994.42 -$107,473.48 -$224,402.73 

NPV20 -$16,977.13 -$85,842.54 -$197,495.78 

NPV25 -$2,014.60 -$69,673.85 -$177,523.29 

NPV30 $9,157.62 -$57,601.00 -$162,505.77 
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Net Present Value Period 

(equipment costs 30% of 
nominal,  

PMEIC 80% of nominal) 

PSD 
Installation 

PSD + PCD 
Installation 

PSD + PCD+ BESS 
Installation 

NPV10 -$46,670.27 -$102,496.01 -$143,997.02 

NPV15 -$19,878.31 -$73,544.28 -$108,234.61 

NPV20 $138.99 -$51,913.34 -$81,327.66 

NPV25 $15,101.51 -$35,744.64 -$61,355.17 

NPV30 $26,273.73 -$23,671.80 -$46,337.65 

 

9.3 Conclusions 

The cost benefit analysis shows that unless there is significant equipment cost reductions, combined 
with PMEIC cost reductions, the installation of the three equipment types is not cost effective to 
increase DER hosting capacity. 

For the quantification of benefits from the additional solar hosting capacity, the analysis takes a 
conservative assumption that 100% of the extra solar capacity is exported. In reality a proportion of 
the solar capacity will be used to offset internal consumption. The use of Feed-in Tariff, while 
appropriate now, does not take into account new energy services that could be provided by the 
customers in future, in particular for wholesale energy market services and local services. The BESS 
was used to provide grid service only in the trial but could be expanded to provide ancillary services 
the wholesale electricity market (such as FCAS) to earn additional revenue streams.  

The AER’s Draft DER expenditure guidance note aims to standardise how DNSPs can value the benefits 
of DER, including wholesale market benefits, environmental benefits and network benefits. Future 
studies are needed to explore and quantify the broader value and benefits of DER integration. 
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10 Overall Project Conclusions 

The project has successfully installed and commissioned the three technologies and have 
demonstrated that they have made our electricity distribution networks more solar friendly by 
increasing the network DER hosting capacity. 

The increase in DER hosting capacity has been confirmed. The increase is determined using simulations 
based on actual data measured from the site installations. The analysis indicates a number of 
improvements can be made to the equipment control logics which will further improve the hosting 
capacity.  

The technologies form part of a portfolio of measures that can be implemented. For example, in this 
project, it was found that the hosting capacity of the Jemena site could be significantly increased if 
the voltage at the distribution transformer was lowered before the technologies were applied. 

Based on hosting capacity increase from the current trial deployment, cost benefit analysis does not 
indicate a positive business case unless equipment and PMEIC costs can be substantially reduced, 
and/or more benefits can be obtained. Nevertheless, there are likely to be specific use cases where 
the technologies can be deployed economically. 

A specific case, for example, likely to improve economic viability of the BESS would be to extend its 
application to become a community battery storage solution to provide wholesale electricity market 
benefits in addition to grid benefits. 

It has not been an easy task to deliver a project that deploys new equipment with a high degree of 
complexity, with the additional challenges posed by the COVID. This knowledge sharing report 
describes the challenges encountered and the lessons learnt. One word that sums up the achievement 
of this project milestone is TEAMWORK. The project has six project partners: Jemena, AusNet Services, 
UNSW, State Grid International Development, the equipment vendor (XJ Group), and ARENA. Each 
plays its unique role and contributes to the success of this project. 

We warmly recommend this knowledge sharing report to you, and trust you will find it informative 
and useful. 

Further information about the project can be obtained from the following sources: 

Jemena: Jignesh.patel@jemena.com.au 

AusNet Services: tian.ting@ausnetservices.com.au; asanka.paranamana@ausnetservices.com.au;  

UNSW: joe.dong@unsw.edu.au; cuo.zhang@unsw.edu.au 

Web sites: www.jemena.com.au/solarfriendly, 
https://www.ausnetservices.com.au/Innovation/Enabling-Solar-and-Battery-Future 

 

 

 

 

 

 

mailto:tian.ting@ausnetservices.com.au
mailto:asanka.paranamana@ausnetservices.com.au
mailto:joe.dong@unsw.edu.au
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Appendix A Product specifications 

 



No. 1298 Xuji Avenue, Xuchang, Henan, China   http://www.xjgc.com 

Tel:(86) 374-3217001  Fax:86-374-3211658  Email:13523287119@163.com

许继集团

Principle

Phase Switching Device(PSD)

High Lights

Introduction:

The Phase Switching Device is used to connect a three-phase four-wire LV power supply to 
supply a single-phase customer, utilising a three-phase load and generation balancing 
algorithm performed by a remote Phase Switching Controller. Based on the software 
algorithm, the Phase Switching Controller issues an instruction to automatically switch the 
load of the Phase Switching Device to the corresponding phase line. 

n No power break during operation

n Triple interlock against short circuit

n Smart switching with no power impact

n Wide-used regulatory strategy

n High flexibility for customerization

n Easy and multiple installation

n Easy local and remote operation

n Easy maintenance
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Tel:(86) 374-3217001  Fax:86-374-3211658  Email:13523287119@163.com

许继集团

Main Specifications:

Function Description

Electrical system earthing TN-C-S

Rated input voltage AC 400V +10%/-6% 3-phase

Rated output voltage AC 230V +10%/-6% 1-phase

Rated current AC 100A 1-phase

Network short-circuit current AC 7kA, 0.02s

Rated frequency AC 50Hz

Rated impulse withstand voltage Class IV, 6kV

Environmental rating IP 54 (with outdoor enclosure)

Outdoor ambient air temperature -10°C to 50°C

Outdoor ambient relative humidity ≤80%

Number of electrical operations at rated current 15,000 operations

Operation counter Available both locally and remotely

Momentary supply interruption when switching 
from one phase to another ≤20ms

Self consumption <10W

real-time clock Battery backed real-time clock

Measurements  Available both locally at the device and 
remotely at the Controller

Accuracy of analog measurements 1%

Communication to Phase Switching Controller PLC/Wireless(lora)

Approximate distance between device and 
controller

Up to 500m (straight line measurement)

Dimensions (with weather proof enclosure) 340mm x 170mm x 550mm including top cover 
of enclosure

Weight (with weather proof enclosure) < 20kg

 Multiple Mounting Choices Suitable for mounting on wood or concrete 
electricity pole 
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许继集团

Principle

Power Compensation Device(PCD)

High Lights

Introduction:

n Dynamic and fast response

n Effective compensation

n Flexible function configuration

n Modularized design

n High flexibility for customerization

n Easy and multiple installation

n Easy local and remote operation

n Easy maintenance

Inductive Reactive 
Power Comensation

Capacitive Reactive 
Power Comensation

Active Load Transfer 
Between Phases

The Power Compensation Device is installed at the LV terminals of the distribution 
transformer. By Calculating the reactive components (capacitve and inductive) of the load 
currents, it can  provide fast and continuous power compensation and harmonic 
compensation, so as to achieve effective control of the load balance and voltage at the 
transformer terminals. 
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许继集团

Main Specifications:

Function Description

Electrical system earthing TN-C-S

Rated input voltage AC 400V +10%/-6% 3-phase

Rated current AC 100A 1-phase

Network short-circuit current AC 7kA, 0.02s

Rated frequency AC 50Hz

Rated impulse withstand voltage Class IV, 6kV

Environmental rating IP 54 (with outdoor enclosure)

Outdoor ambient air temperature -10°C to 50°C

Outdoor ambient relative humidity ≤80%

Reactive compensation capability -100 to +100KVar

Speed of reactive compensation ≤5ms

Reactive power compensation capability ≥99%

Operation counter Available both locally and remotely

Local Human Interface Touch screen

Self consumption ≤3%

real-time clock Battery backed real-time clock

Measurements  Available both locally at the device and 
remotely at the Controller

Accuracy of analog measurements ≤1%

Communication RS485，GPRS,  Wifi, Lora

Dimensions (with weather proof enclosure) 734mm x385mm x1119 mm 

Weight (with weather proof enclosure) 120kg

 Multiple Mounting Choices Suitable for  pole mounting and ground 
mounting 
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许继集团

Principle

Battery Energy Storage System(BESS)

High Lights

Introduction:

n Transportable prefabricated container 

n Various function integrated 

n Isolated island operation

n Battery capacity adjustable  

n High flexible configuration

n Easy installation

n Easy local and remote operation

n Easy maintenance

The Battery Energy Storage System, which comprises of Lithium-Ion batteries, Battery 
Management System (BMS), Power Conversion System (PCS) and Energy 
Management System (EMS), is accommodated within a transportable container. It can 
perform various functions of power regulation, reverse power flow management, peak 
shaving, improving power quality and maintaining the network voltage and frequency at 
defined levels in the LV network system, etc. 
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许继集团

Main Specifications:

Function Description

Rated input voltage AC 400V +10%/-6% 3-phase

Rated output 100kW

Rated capacity 120kWh

Rated frequency AC 50Hz
Maximum network short-circuit current at point 

of connection AC 7kA, 0.04s

Protection features a) grid parallel
b) islanding

Self consumption 150w

Environmental rating IP 65

Outdoor ambient air temperature -10°C to 50°C

Outdoor ambient relative humidity ≤85%

Noise emission ≤56dBA

External colour of enclosure Customer to advise

Battery life Retains 90kWh capacity after 10 years

Operation counter Available both locally and remotely

Local Human Interface Touch screen

real-time clock Battery backed real-time clock

Measurements  Available both locally at the device and 
remotely at the Controller

Accuracy of analog measurements ≤1%

Communication RS485，GPRS,  Wifi, Lora

Dimensions (with weather proof enclosure) 3048 mm x 2438 mm x 2438 mm

Weight (with weather proof enclosure) 7000kg

 Multiple Mounting Choices Suitable for ground mounting 
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许继集团

Strategy principle

Central Controller(CC)

High Lights

Introduction:

n SCADA or Laptop virtual MS access 

n Embeded intelligent control strategy

n Flexible function configuration

n Smart control and monitoring

n Customerized interface

n Easy and multiple installation

n Easy local and remote operation

n Easy maintenance

The Central Controller,with embeded intelligent control strategy, is a local control unit of 
Phase Switching Devices(PSD), Power Compensation Device(PCD) and Battery 
Energy Storage System(BESS), as well as other accessories in the LV network system.  
It can also interact with the Master Station to realise real-time or defined remote control 
of the local devices.

Bus Overvoltage 
Control Strategy

Bus Undervoltage 
Control Strategy

Transformer Overload 
Control Strategy

Anti-countercurrent 
Control Strategy
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许继集团

Main Specifications:

Function Description

Electrical system earthing TN-C-S

Rated input voltage AC 400V +10%/-6% 3-phase

Rated current 2 x AC 400A 3-phase. 

Network short-circuit current AC 7kA, 0.02s

Rated frequency AC 50Hz

Rated impulse withstand voltage Class IV, 5kV

Environmental rating IP 54 (with outdoor enclosure)

Outdoor ambient air temperature -10°C to 50°C

Outdoor ambient relative humidity ≤80%

Operation counter Available both locally and remotely

Local storage of values and events ≥2 years

Self consumption ＜30w

real-time clock Battery backed real-time clock

Measurements and treatment Analog, states, Electrical,setting value, SOE

Accuracy of analog measurements ≤1%

Database Realtime, History

Automatic control function 3-phase imblance,bus over/under voltage, DT 
overload,battery SOC,anti-reserve current,etc.

Communication Ethernet, RS485/232，GPRS,  Wifi, Lora

SCADA communication protocol DNP3.0 / IEC104

Dimensions (with weather proof enclosure) 740mm x 150mm x 510mm

Weight (with weather proof enclosure) 40kg

 Multiple Mounting Choices Suitable for  pole mounting and ground 
mounting 
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Appendix B Impedance and Power Flow Calculations 

B.1 Impedance Calculations 

 

Figure B.1. Site physical parameters and the geometrical illustration of three-phase four-wire conductors in the LVDN 

Specifically, the self-impedance of any conductor and the mutual impedance of any two conductors 
based on the physical parameters are calculated first, and the commonly used 3*3 matrix is then 
obtained with Kron’s Reduction technique. Moreover, topology information, and historical data, 
including voltage magnitudes and active/reactive powers of each residential customer, in the year 
2018 from the two trial networks are processed to provide the basic data for modelling purposes in 
following sections.  

B.2 Power Flow Calculations in LVDN  

1 2
4

3

I12

I24

I23

I2 I4

I3

Reference 
bus

 

Figure B.2. Illustration example of power flow calculations in LVDN 
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Taking the illustration example in Fig. B.2 as an example, the power flow equations would be  

[
𝐼12
𝐼23
𝐼24

] = [
0 1 1 1
0 0 1 0
0 0 0 1

] [

𝐼1
𝐼2
𝐼3
𝐼4

] , [
𝑉1
𝑉1
𝑉1

] − [
𝑉2
𝑉3
𝑉4

] = [

𝑍12 0 0
𝑍12 𝑍23 0
𝑍12 0 𝑍24

] [
𝐼12
𝐼23
𝐼24

] 

where 𝐼𝑖𝑗, 𝐼𝑘 are the currents running through line 𝑖𝑗 and the demand current at bus 𝑘, respectively; 

𝑉𝑘 is the voltage at bus 𝑘, and 𝑍𝑖𝑗  is the impedance of line 𝑖𝑗.  

The input information of power flow calculation would be the active/reactive powers at all nodes and 
the voltage at the reference bus. Output information would be the nodal voltages of all buses.  

With the above equations, the sensitivity of demand current, i.e., 𝐼𝑘, at each bus to its nodal voltage, 
i.e., 𝑉𝑘 , can be constructed. As demand current at each pole depends on both its active/reactive 
powers and terminal voltage, a widely used iteration-based algorithm is used in this project, where 
the terminal voltages of all nodes are successively updated until the algorithm is converged.  
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Appendix C Network modelling voltage profile examples 

The voltage profiles of all nodes are presented in Fig. C.1 (Left), and it is easy to find that voltages are 
more balanced after switching some customers to optimise phase loadings, which is further verified 
by voltage unbalance levels of all nodes as shown in the same figure (Right). Moreover, voltage 
violation issues under the extreme scenarios can be effectively addressed by optimal placing and 
controlling PSDs as shown in the two figures.  

 

 

Figure C.1. Voltage profiles of all nodes under four scenarios (Above) and voltage unbalance level of all nodes (Below). 

To clearly demonstrate the benefit of switching customers via PSDs, an illustrative example is 
presented in Fig. C.1, where some customers are switched from phase W (most stressed phase) to 
phase R (least stressed phase) at 2:00 AM. Additionally, the voltage levels in the network can be 
ameliorated through the whole day, which may help accommodate more PV generations in Phase R 
due to a lowered voltage level.  

Voltage Unbalance Limit 
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Figure C.2. Impacts of controlling PSDs on improving voltage levels. 
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Appendix D Input data and mathematical formulation for PSD 
placement 

• Input data 
o Network impedances calculated previously, the topology of the network 

o Typical demand scenarios, including the low demand+without PV (s=1), high 

demand+without PV (s=2), low demand with PV (s=3) and high demand with PV (s=4), 

based on historical data as shown in Fig. D.1. 

 

Figure D.1. Selection of typical historical demand scenarios. 

o Typical PV generation scenarios, i.e., PVs generating at their capacity values for s=3 

and s=4 to represent the extreme scenarios.  

o Operational requirements, e.g., voltage magnitudes/unbalance requirements, 

capacity limit of distribution transformer from network operators. 

• Mathematical Formulation 
o Objective: to minimise power unbalance among three phases in each circuit (two 

circuits for the trial network both in Jemena and AusNet Services). 

o Installation constraints: Maximum 2 PSDs at each pole (space limitation) and 

maximum 14 PSDs on 71/106 customers for the trial network both in Jemena/AusNet 

Services. 

o Operational constraints: typically include the KCL at each node, voltage 

magnitudes/unbalance constraints and capacity constraints for distribution 

transformer, the power balance constraint for each customer and the phase 

connection constraints (each customer must be connected to one phase). 
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Appendix E PSD testing process and challenges 

E.1 Introduction of Phase Switching Device 

One sample PSD, an early prototype version, was purchased from the supplier for the bench testing. 
Figure E.1 illustrates the inside components of the PSD, including the wire connection points, circuit 
breakers, control terminal and indicating lights. The upstream power supply and the downstream load 
are connected to the wire connection points, and the circuit breakers are closed to initialise the device. 
In addition, one of the circuit breakers is used for a bypass circuit. Under normal operation, the PSD 
will switch on receipt of a remote command received from the built-in LoRa modem. For testing and 
backup operation, a control knob is used for manual switching control and the indicating lights shows 
the operating states. 

 

Figure E.1. Demonstration of phase switching device (prototype) 

E.2 Testing Implementation Process 

The bench testing implementation process was designed and practised by UNSW.  

Firstly, hardware and control logic were assessed. The UNSW team investigated the device dimension, 
the cable connection method, use of the control panel, and meaning of the indicating lights. Most 
importantly, the zero-crossing switching logic was investigated and is explained by Figure E.2. The 
device keeps measuring the load current. The device cuts off the load when the load current reaches 
the zero crossing point of its ac cycle. Then, the device keeps measuring the load voltage and the 
voltage of the phase to be connected. Last, the device connects the load to the new power supply 
phase, when the load voltage is low and the voltage of the new phase is at the zero crossing point of 
its ac cycle. 
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Figure E.2. Zero-crossing switching logic 

Secondly, the UNSW team designed a bench testing circuit as shown in Figure E.3. This circuit connects 
the upstream three-phase power supply and the downstream appliance load via the PSD. With a 50-
meter cable and a RCD, the practical residential household environment is simulated. Besides, 
oscilloscopes with voltage and current meters are used to capture transient waveforms during the 
phase switching process. Then, the device initialisation procedure where the circuit breakers and 
control knob are sequentially operated is introduced for practical use.  

 

Figure E.3. Bench Testing Circuit 
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Figure E.4. Bench testing implementation in the UNSW lab 

Thirdly, the UNSW team set up the bench testing circuit in the lab as shown in Figure E.4 and 
implemented the bench testing on common household appliances. The testing procedures of phase 
switching and bypass power supply functions include connecting different appliances, manual control 
on the PSD, applying positive and negative sequence switching actions, observations of appliance 
operation states and capturing transient voltage and current waveforms. 

In the bench testing, 30 appliances, 42 individual common operation states and 12 combined 
appliance operation states were applied. Particularly, air-conditioner and motor/compressor based 
appliances were tested with more attention. For example, the air-conditioner, fridge, freezer and pool 
pump were paid more attention and used for multiple combinations in the 12 combined appliance 
operation states. 

E.3 Challenges during Testing Implementation 

The UNSW team experienced some challenges during the bench testing implementation period. For 
example, as shown in Figure E.5, challenges associated with the installation of air-conditioner, setup 
of water system and simulation of practical household environment were successfully addressed. 
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Figure E.5. Solutions to challenges during the implementation 
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Appendix F Definitions of Monitored Terms 

Power unbalance in the DT is defined as 

𝑃𝑢𝑏 = max{𝑃𝑎, 𝑃𝑏 , 𝑃𝑐} − min{𝑃𝑎, 𝑃𝑏 , 𝑃𝑐} 

where 𝑃𝑎,𝑃𝑏 and 𝑃𝑐  are measured active power in phase 𝑎, 𝑏 and 𝑐 at the secondary side of 
DT. 

The current unbalance in each circuit of the DT is defined as follows based on the 
measured current magnitudes of three phases in each branch. 

𝐼𝑢𝑏
𝑖 = (max{𝐾𝑎

𝑖 |𝐼𝑎
𝑖 |, 𝐾𝑏

𝑖 |𝐼𝑏
𝑖 |, 𝐾𝑐

𝑖|𝐼𝑐
𝑖|} − min{𝐾𝑎

𝑖 |𝐼𝑎
𝑖 |, 𝐾𝑏

𝑖 |𝐼𝑏
𝑖 |, 𝐾𝑐

𝑖|𝐼𝑐
𝑖|})/max{𝐾𝑎

𝑖 |𝐼𝑎
𝑖 |, 𝐾𝑏

𝑖 |𝐼𝑏
𝑖 |, 𝐾𝑐

𝑖|𝐼𝑐
𝑖} 

where 𝐼𝑎
𝑖 ,𝐼𝑏

𝑖  and 𝐼𝑐
𝑖  are the current of phase 𝑎, 𝑏 and 𝑐 in branch 𝑖. 𝐾𝜙

𝑖  is the active power flow 

direction of phase 𝜙 in branch 𝑖. In other words, if active power is flowing from the DT to the 

downstream, 𝐾𝜙
𝑖 = 1. Otherwise, 𝐾𝜙

𝑖 = −1. 

The reverse power flow in the DT is described via the minimum active power delivering 
from the DT to the network. Correspondingly, if the recorded value is negative in any phase 
of the DT, it means reverse power flow occurs. The minimum active power for both the peak-
PV and peak-load periods under all operational modes are presented. 

The average reactive power ratio, denoted as avgPF, in the DT is defined as 

𝑎𝑣𝑔𝑃𝐹 =
1

3
∑

|𝑃𝜙|

√𝑃𝜙
2 + 𝑄𝜙

2𝜙
 

where 𝑃𝜙 and 𝑄𝜙 are the active and reactive power in the DT measured from its secondary 

side in phase 𝜙. 
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Appendix G Measurable Data 

The operational analysis (Section 6) is based on the collected data recoded by the PSDs and 
PCD. The available data is listed as follows. 

• Voltage magnitudes (VMs) of three phases at the DT secondary side, measured by PCD 
measurements. 

• VMs of three phases at the pole locations where at least one or two PSDs have been 
installed, measured by PSDs. 

• Current magnitudes (CMs) of three phases through the two distribution circuits, 
measured by the central controller of PSDs. 

• Active/reactive power of three phases at DT secondary side (upstream of the PCD) 
measured by PCD. 

 

 

  



   

 

75 

 

Appendix H Testing Periods 

For AusNet Services network, the system with the various operational modes was tested and 
the data was collected during the following periods. 

Table H.1 Periods of data collection for AusNet Services network 

 

For Jemena network, the testing periods are given as below. 

Table H.2 Periods of data collection for Jemena network 
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Appendix I Operational Analysis Figures of Peak-Load Periods 

 
Figure I.1: Power unbalance in peak-load periods for AusNet Services network. 

 

Figure I.2: Current unbalance in peak-load periods for AusNet Services network. 

 

Figure I.3: Minimum active power delivered by the DT in peak-load periods for AusNet Services network. 
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Figure I.4: Average power factor at the DT in peak-load periods for AusNet Services network. 

 

Figure I.5: Voltage drops throughout the network in peak-load periods for AusNet Services network. 

 

Figure I.6: Power unbalance in peak-load periods for Jemena network. 
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Figure I.7: Current unbalance in peak-load periods for Jemena network. 

 

Figure I.8: Minimum active power delivered by the DT in peak-load periods for Jemena network.

 

Figure I.9: Average power factor at the DT in peak-load periods for Jemena network. 

 



   

 

79 

 

Appendix J Operational Simulation Parameters for AusNet Services 
Network 

J.1 Operational Modes 

For AusNet Services network, the studied operational modes, which are a number of 
combinations of control strategies for the PSD and PCD, are listed below. 

• PSD@ORI (Baseline): PSDs are at their original positions, and PCD is disabled. 

• PSD@OPT: PSDs are at their optimal day-ahead positions, and PCD is disabled. 

• PSD@ORI+PCD@COM: PSDs are at their original positions, and PCD is operated at the complex 
mode. 

• PSD@OPT+PCD@REA: PSDs are at their optimal day-ahead positions, and PCD is operated to 
compensate the reactive power in each phase of the DT independently. The control purpose of 
the PCD is to make the power factor in each phase as close to 1.0 as possible. 

• PSD@OPT+PCD@ACT: PSDs are at their optimal day-ahead positions, and PCD is operated to 
balance active power among three phases in the DT. 

• PSD@OPT+PCD@COM: PSDs are at their optimal day-ahead positions, and PCD is operated at the 
complex mode. 

The following operational conditions were used in the operational simulations. 

• The voltages of three phases at the DT primary side are fixed according to the historical voltage 
profile, as shown in Figure J.1. 

 

Figure J.1: Historical voltage level at the DT primary side in AusNet Services network. 

 

• The demand of the whole network in three phases is presented in Figure J.2, where demand in 
the evening is at high levels. 
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Figure J.2: Overall residential demand in AusNet Services network. 

• The PV penetration, defined as the percentage of customers with PV installed (for simplicity, 
three-phase customers are alternatively regarded as three single-phase customers), is 60% 
(currently at about 20%), where each customer installed PV capacity set as 5 kW and the total 
installed capacity of PVs in three phases are 92.61 kW, 51.81 kW and 48.87 kW in phase 𝑎, 𝑏 and 
𝑐, respectively. The total installed PV capacity in this scenario is 193.3 kW. 

• The daily operational analysis will be conducted assuming the weather is sunny, which implies that 
the maximum PV generation will be achieved in the middle period from the sunrise time to the 
sunset time. The sunrise and sunset times are read from Australian Bureau of Meteorology 
website. After taking the PV generation into account, the net demand of three phases in the 
network are given in Figure J.3. 

 

Figure J.3: Net residential demand in AusNet Services network. 

J.2 Optimal Phase Positions of PSDs 

Under different operational modes, the optimal phase positions of PSDs are presented in 
Table J.1, which shows that the optimal values become quite different compared with the 
Baseline. Different PSD control strategies are also observed for the peak-PV and peak-load 
periods, where 7 of the 14 PSDs are with different optimal phase positions due to changed 
load profiles after sunset in the evening. On the other hand, if PSDs are only switched once 
based on peak PV generation, 6 of them will be switched. 
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Table J.1 PSD optimal phase positions for AusNet Services network 

It should be noted that the load profiles studied are with both peak PV generation in the 
midday and peak demand in the evening, which represent some extreme scenario in the 
future. Therefore, the true number of PSDs to be switched during the day will depend on 
many factors, including the specific PV/demand scenario, network topology, and therefore 
may differ from the results presented above. 
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Appendix K Operational Simulation Parameters for Jemena Network 

K.1 Operational Modes 

For Jemena network, the studied operational modes, which are the combination of control 
strategies for the PSD, PCD and BESS, are listed below. 

• PSD@ORI (Baseline): PSDs are at their original positions, and PCD is disabled. 

• PSD@OPT: PSDs are at their optimal day-ahead positions, and PCD is disabled. 

• PSD@OPT+PCD@COM: PSDs are at their optimal day-ahead positions, and PCD is operated at the 
complex mode. 

• PSD@OPT+PCD@Vctrl+BESS@Vctrl: PSDs are at their optimal day-ahead positions, and both PCD 
and BESS are operated at voltage operational mode, where the reactive power of PCD and BESS 
will be adjusted when the highest voltage level in the network exceeds 1.1 p.u., which usually 
occurs in the day, or when the lowest voltage level in the network is under 0.94 p.u., which usually 
occurs in the evening. 

• PSD@OPT+PCD@COM+BESS@revP: PSDs are at their optimal day-ahead positions, and PCD is 
operated at the complex mode. However, the BESS is operated at reverse power flow operational 
mode, where the BESS active charging power, which is identical in three phases, will be increased 
when the reverse power flow in the DT exceeds its upper limit. The “reverse power flow” in the 
DT here refers to maximum active power exporting to the network in a single phase of the DT, and 
the upper limit is set as 25 kW in this case. It should be noted that the network operator can set 
the exporting limit as per operational requirements, and the value here is only for illustration 
purposes. 

• PSD@OPT+PCD@ACT+BESS@Vctrl: PSDs are at their optimal day-ahead positions, while PCD is 
used to balance active power among three phases in the DT and BESS is operated at voltage 
operational mode. The upper and lower voltage limits are set as 1.1 p.u. and 0.94 p.u., 
respectively. 

• PSD@OPT+PCD@ACT+BESS@overP: PSDs are at their optimal day-ahead positions, and PCD is 
operated to balance active power among three phases in the DT. However, the BESS is operated 
at over-load operational mode, where the active BESS charging or discharging power, which are 
identical in three phases, will be increased when the overloading in the DT is detected, i.e., the 
total apparent power exceeding 200 kVA. Moreover, the BESS state-of-charge (SOC) is assumed 
to be at 50% initially. 

It is noteworthy that when used to control voltages in the network, the PCD and/or BESS will generate 
or consume reactive power by fixed steps, which may lead to DT overload. In this case, the voltage 
control process will be terminated when the DT overload is detected in the algorithm to avoid this 
issue. 

The following operational conditions were used in the operational simulations. 

• The voltages of three phases at the DT primary side are fixed according to the historical voltage 
profile, as shown in Figure K.1. 
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Figure K.1: Historical voltage level at the DT primary side in Jemena network. 

 

• The demand of the whole network in three phases is presented in Figure K.2, where demand in 
the evening is at high levels. 

 

Figure K.2: Overall residential demand in Jemena network. 

 

• The PV penetration, defined as the percentage of customers with PV installed (for simplicity, 
three-phase customers are alternatively regarded as three single-phase customers), is 35% 
(currently at about 23%), where each customer installed PV capacity is set as 5kW and the total 
installed PV capacities are 116.9 kW, 34.7 kW, 52.5 kW and 204.0 kW in phase 𝑎, 𝑏, 𝑐 and in total, 
respectively. 

• The daily operational analysis will be conducted assuming the weather is sunny, which implies that 
the maximum PV generation will be achieved in the middle period from the sunrise time to the 
sunset time. The sunrise and sunset times are read from Australian Bureau of Meteorology 
website. After taking the PV generation into account, the net demand of three phases in the 
network are given in Figure K.3. 
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Figure K.3: Net residential demand in Jemena network. 

 

K.2 Optimal Phase Positions of PSDs 

Under different operational modes, the optimal phase positions of PSDs are presented in 
Table K.1, which shows that the optimal values become quite different compared with the 
Baseline. Different PSD control strategies are also observed for the peak-PV and peak-load 
periods, where 13 of the 14 PSDs are with different optimal phase positions due to changed 
load profiles after sunset in the evening. 

Table K.1 PSD optimal phase positions for Jemena network 

 

Moreover, if PSDs are only switched once based on peak PV generation, 9 of them will be 
switched as shown in the table. 

 


