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Abstract

The increasing penetration of rooftop photovoltaic (PV) systems has introduced significant
challenges to voltage regulation and power quality within low voltage (LV) distribution
networks. Reverse power flows during periods of high solar generation and low local
demand can lead to overvoltage issues, voltage unbalance, and increased neutral-to-ground
potential. This paper presents a comprehensive review of voltage regulation challenges
and mitigation strategies for PV-rich distribution networks. The review consolidates find-
ings from recent literature, focusing on traditional methods such as on-load tap changers
and reactive power compensation, as well as modern techniques including smart inverter
functionalities, community energy storage, static compensators, and advanced coordi-
nated control schemes. A detailed examination of the suitability and limitations of these
approaches in the Australian regulatory and network context is provided. The literature re-
view demonstrates that previous work has mainly considered generic LV regulation issues
without explicit four-wire MEN modelling or detailed LV-MYV time series impact analysis.
As a response to the lack of detailed practical analysis, a detailed three-phase four-wire
LV-MV modelling and case study analysis, which illustrates the technical implications of
high PV penetration on a representative Australian LV feeder, has been completed. The
network is modelled using a three-phase four-wire unbalanced load flow formulation,
explicitly incorporating the neutral conductor and multiple earthed neutral (MEN) sys-
tem configuration. Results demonstrate pronounced voltage rise and unbalance during
midday generation periods, highlighting the need for distributed and adaptive voltage-
management solutions. The paper concludes by identifying key research gaps and future
directions for voltage regulation in Australian distribution networks, emphasizing the
importance of low voltage visibility, coordinated control architectures, and the integration
of emerging distributed energy resources. The novelty of this work lies in combining a
focused review of state-of-the-art with respect to management of voltage regulation in
the presence of high penetration of distributed PV generation with a detailed three-phase
four-wire LV-MV modelling framework and time-series case study of a representative
Australian residential feeder, which illustrates the practical implications of increasing
PV penetration.

Keywords: voltage regulation; rooftop solar PV; distribution network modelling

1. Introduction

Rooftop solar photovoltaic (PV) systems have transformed the operation of distri-
bution networks over the past decade. Australia is now a global leader in residential
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rooftop PV deployment, with more than 3 million small-scale PV systems installed, among
the highest per capita rooftop PV penetration worldwide [1-3]. Globally, cumulative PV
capacity exceeded 1 TW in 2022 and continues to grow rapidly, driven largely by falling
technology costs and supportive policy frameworks [4].

While widespread deployment of PV brings clear environmental and economic bene-
fits, it also introduces technical challenges for distribution network service providers. High
penetration of single-phase rooftop PV on low voltage (LV) feeders can lead to voltage rise,
increased phase unbalance, neutral-to-ground voltage issues, and reverse power flows,
particularly in lightly loaded residential networks [5-7]. These impacts are exacerbated in
four-wire LV networks with multiple earthed neutral (MEN) configuration, where neutral
currents and neutral-to-ground potentials are strongly influenced by unbalanced load and
PV allocation across phases [8-11].

A wide body of literature has investigated PV hosting capacity, voltage regulation, and
power-quality issues in LV networks using detailed three-phase power-flow and time-series
simulation tools [5-7,10]. Early work focused on quantifying the impact of PV penetration
on voltage profiles and loss performance in residential feeders [5,6]. Subsequent studies
extended this to more realistic unbalanced three-phase models; however, explicit repre-
sentation of neutral conductors was often neglected [9]. More recent contributions have
highlighted the need to model neutral and ground explicitly, particularly in multi-grounded
four-wire systems, to correctly capture neutral currents, neutral-to-ground voltages and
associated safety margins [8-11].

A range of mitigation strategies has also been proposed to address voltage and power-
quality issues in PV-rich LV networks. These include on-load tap-changing transformers
(OLTCs) and voltage regulators, coordinated control of smart PV inverters, capacitor
banks, distribution-level energy storage and flexible AC transmission devices such as static
synchronous compensators (STATCOMs) [5,8,12,13]. Recent studies have demonstrated the
potential of community energy storage with optimization-based control to simultaneously
improve voltage profiles and feeder economics [8,13], while other work has investigated
advanced power-electronic and superconducting solutions to support grids with high
renewable penetration [12,14].

From a control architecture perspective, the voltage regulation approaches discussed
in this paper can be grouped into three broad categories: (i) local device level schemes,
including OLTC and low voltage regulator settings and autonomous inverter Volt-VAr and
Volt-Watt modes based on local measurements; (ii) centralized or hierarchical schemes, in
which a feeder level or system level controller coordinates multiple devices using network
measurements, forecasts or optimization; and (iii) distributed or multi agent schemes,
where individual devices or agents exchange limited information with neighbours in order
to achieve a coordinated response. This classification is introduced here to provide a
consistent framework for interpreting the mitigation options described in Section 2 and for
comparing their practical implementation in existing LV distribution networks.

Against this background, and building on previous review papers that have mainly ad-
dressed generic LV regulation issues without explicit four-wire MEN modelling or detailed
LV-MV time series impact studies, there remains a need for systematic assessment of the
combined impacts of high rooftop PV penetration on four-wire MEN LV feeders, including
voltage regulation, phase unbalance, neutral-to-ground potential and reverse power flow
under realistic operating conditions. Building on previous work by the authors, which ex-
amines three-phase unbalanced power flow analysis, neutral-to-ground voltage behaviour
and community energy storage control in PV-rich LV networks [10,11,13,15], this paper
also provides a detailed impact assessment for a representative residential distribution
feeder that is embedded in its upstream 11 kV network. The study focuses on quantifying
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how increasing levels of rooftop PV affect key distribution network performance indices
and identifies the conditions under which additional LV regulation or mitigation measures
become necessary.

The main contributions of this paper are as follows:

e An organized, control architecture-based synthesis of voltage regulation challenges
and mitigation options for PV-rich residential LV distribution networks, explicitly
grouping existing methods into local, centralized, and distributed schemes and fo-
cusing on their applicability to four-wire MEN LV feeders under Australian DNSP
operating conditions.

e  Development of a three-phase four-wire LV-MV modelling framework that explicitly
represents the neutral conductor and MEN grounding, enabling realistic assessment
of voltage rise, phase unbalance, neutral-to-ground potentials, line losses, and OLTC
operation under high rooftop PV penetration.

e Application of this framework in a 24 h time-series case study of a representative
Australian residential LV feeder to quantify the impacts of increasing rooftop PV
penetration on key performance indices, and to identify conditions under which
additional voltage-management measures become necessary.

The remainder of this paper is organized as follows:

e  Section 2 reviews voltage regulation challenges in PV-rich LV networks and surveys
conventional and emerging mitigation options.

e  Section 3 describes the proposed LV-MV modelling framework, including the repre-
sentation of the four-wire MEN LV feeder, customer loads and rooftop PV systems.

e  Section 4 presents the case study setup, simulation results, and subsequent discus-
sion, focusing on voltage profiles, neutral-to-ground potentials, losses and OLTC tap
operations under different PV penetration levels.

e  Section 5 concludes the paper and highlights implications for DNSPs and directions
for future work.

2. Review of Voltage Issues in Distribution Networks

At the time of writing, Australia has one of the highest penetrations of solar PV
installations across the world, with 29% of South Australian and 28% of Queensland
residential customers already having a rooftop solar PV system installed [16]. This rise in
solar PV installations has been driven by government subsidies and high feed-in tariffs
offered by energy retailers. Although PV-based distributed energy resources (DERs) reduce
the amount of power consumed from fossil fuel-powered generation, they often create
some adverse technical challenges in terms of operation of LV distribution networks, which
are often also transferred to the upstream MV and HV networks, as discussed in the
literature [17-19].

Distribution networks were originally developed with the assumption that power
primarily flows downstream from the upstream generation and transmission sectors to
customer loads. DERs allow a significant proportion of LV load to be supplied locally, which
can reduce the overall demand on upstream MV networks from individual households.
However, with a high penetration of single-phase PV injection in the three-phase system,
the power generated from local PV generators may exceed the load demand, which in turn
may introduce issues such as reverse power flow in the network. In the literature [20-22],
midday voltage rise, component overloading and voltage unbalance have been reported as
the major areas of concern as more PV systems are connected in distribution networks. The
voltage rise issue would be particularly severe in weak distribution networks with a high
R/X ratio [23]. DNSPs are bound by strict rules to regulate supply voltage magnitudes to
within a certain range. The Australian Standard AS 61000.3.100 [24] requires the voltage
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at the consumer point of supply to be within —6% and +10% of the 230 V nominal for
single-phase LV customers (216.2 V-253 V).

Figure 1a depicts the active power variations in a nominal residential LV feeder load
and PV output for a typical clear sunny day. Considering a future network scenario where
all residential connections incorporate a rooftop solar PV generation system, it is evident
that LV feeders will experience a maximum voltage increase corresponding to Scenario
1 and a maximum voltage decrease corresponding to Scenario 2. Figure 1b shows the
indicative voltage profiles along a typical LV feeder for the above two scenarios (assuming
uniformly distributed PV generation systems and loads). Depending on the impedance
of the conductor and the loading level, the feeder voltage profile may fall outside the
mandated voltage limits.
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Figure 1. (a) Time series variation in load and PV output, (b) voltage profiles in a typical LV feeder.

In addition to the overall voltage magnitude, the balance of individual phase voltages
is also often important to LV distribution customers, especially to ensure the efficient
operation of three-phase induction motors and similar loads requiring balanced three-
phase voltages at their point of supply. Compared to HV and MV networks, LV networks
experience more variable loads and have a higher level of inherent unbalance due to their
overhead four-wire feeder configuration and connection of predominantly single-phase
loads and PV generators. To quantify the voltage unbalance in such a system, the definition
of the voltage unbalance factor (VUF) according to IEC/TR 61000-3-13 [25] will be utilized
in this paper. This is defined as:

VUF = /12326 100% )
1+ /3 —6¢

where . . .
1% V; V.
e = ‘ ah| +| hC| _._‘ Cll| > (2)

2 2 2
(lVab| +|Vbc| +‘ch|)

Vb, Ve, and V¢, correspond to the magnitudes of the line-line voltages for the three-
phase system. The use of (1) enables a convenient way of estimating the negative to positive
sequence ratio (the IEC unbalance factor) from field measurements and/or simulation
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results where the phase-to-phase voltage magnitudes are more readily available than the
individual phase magnitudes and their respective phase angles.

2.1. Importance of Detailed Modelling of LV Feeders

In typical distribution networks, the MV and LV lines are usually modelled with a
three-wire and a four-wire configuration respectively, as physically configured. The neutral
wire of the LV feeder is generally grounded at multiple points along the feeder. Figure 2
illustrates the basic connection philosophy of this four-wire MEN system. This section
will discuss the importance of explicitly modelling four-wire LV feeders and why the
information on the neutral conductor is required to ascertain an accurate representation of
the operation of LV distribution networks.

Phase A
Phase B

Phase C

Households loads
with PV connected|

Bus 1 Bus 2 to the three p%

—— 1

Neutral Neutral Neutral

Current Grounding Potential
@ ® Resistancq @ ® l

Figure 2. Basic four-wire connection in LV feeders.

In many conventional distribution network studies, the LV neutral conductor is not
modelled explicitly. Instead, its effect is absorbed into the phase impedance matrix using
Kron reduction [26], or the neutral is assumed to be solidly grounded and therefore omitted
from the network model. In practice, this assumption is often not valid because the
resistance of neutral earth connections can range from a few ohms to several tens of
ohms [27-29]. Field investigations in Australian LV networks show that neutral grounding
resistances are frequently higher than the design values adopted by network operators due
to interactions with underground metallic infrastructure and changes in water-reticulation
materials [30]. As a result, traditional three-phase power-flow tools that neglect an explicit
neutral conductor cannot accurately capture the operation and grounding behaviour of
four-wire MEN LV feeders and are therefore not well suited for detailed LV analysis.

In unbalanced LV networks, neutral currents can exceed the current in one or more
phase conductors, as reported in reference [9] (using a Backward-Forward substitution-
based modelling approach). Large neutral currents arising from phase unbalance can create
safety concerns for people and animals and may adversely affect overall network perfor-
mance. Potential impacts include overloading of the neutral conductor, electromagnetic
interference with nearby communication systems, reduced sensitivity of protection devices
and an increase in neutral-to-ground (N-G) voltage. Elevated N-G potentials can appear as
a noise source for sensitive electronic equipment and may lead to maloperation of devices
that require a clean sinusoidal supply. An integrated three-wire/four-wire modelling
approach for assessing N-G voltages in multi-grounded LV networks was proposed in
reference [31], where the influence of LV neutral behaviour on the upstream network was
also examined. The study considered grounding resistances of approximately 5 () and
used a 0.5 V N-G voltage limit as the common-mode threshold for sensitive equipment [32],
showing that unbalanced PV connection patterns can drive N-G voltages above this level.
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Several previous studies have examined neutral conductor modelling and N-G volt-
ages in more detail. General four-wire power flow formulations for distribution networks
have been presented in the literature [8,31], while reference [9] applied a four-wire model
to assess neutral currents and N-G potentials in LV MEN feeders with unbalanced rooftop
PV allocation. Other work has investigated integrated three-wire/four-wire approaches
for multi-grounded LV networks and highlighted how neutral grounding resistance and
unbalanced loading can drive N-G voltages above common mode limits for sensitive equip-
ment [31,32]. These contributions demonstrate the importance of representing the neutral
conductor explicitly when analyzing LV MEN systems. This paper builds on this earlier
work by embedding a four-wire LV model within a combined LV-MV framework and by
carrying out a 24 h time series impact study that simultaneously evaluates phase voltages,
N-G voltages, losses and OLTC operation under increasing rooftop PV penetration.

2.2. Voltage Regulation in Distribution Networks
2.2.1. Limitations of Traditional Voltage Regulation Techniques

Traditional methods used by DNSPs to mitigate issues with voltage regulation in
networks with a low level of automation include network upgrades (replacing transformers
and conductors), use of on-load and/or off-load taps on transformers, and capacitor banks
for reactive power support. Upgrading of problematic networks has historically been
used to solve long-term voltage regulation issues in distribution networks. Although
new, higher-rated components may solve voltage issues and increase the hosting capacity
of the network, these solutions are often expensive, and the extent of added advantage
offered does not necessarily make these solutions an economically viable solution to be
implemented on a large scale.

On-load tap changers (OLTCs) are commonly found in zone substations where the tap
position is controlled to regulate the MV voltage feeder profiles. However, due to their slow
response time (at least 1 min before operation), the tap changes may not be adequate to
compensate for voltage variations caused by the intermittency of PV power. Furthermore,
the additional tap changes in OLTCs when operated in a PV-rich distribution network
also decrease the lifetime and increase the maintenance cost of the device, as discussed in
reference [33]. Another option is changing the position of the off-load tap, typically found in
LV feeder transformers. However, off-load tap changers need manual intervention (labour
and outages), and this approach may not be practically feasible in distribution networks
with bidirectional power flow where both undervoltage and overvoltage conditions may
be induced as PV penetration increases [34]. Fixed and switched capacitor banks have
also successfully been used to mitigate undervoltage issues under high load conditions.
However, as capacitors boost the voltage by injecting reactive power, fixed capacitors can
exacerbate overvoltage conditions during high reverse power flow. Although switched
capacitors can regulate the amount of reactive power injected in discrete steps, it is not a
viable option to mitigate overvoltage problems with varying load patterns as these devices
do not have the capability to decrease the voltage.

Network reconfiguration is another method used by DNSPs to mitigate voltage reg-
ulation issues and increase reliability. Reference [35] discusses various mathematical ap-
proaches that can be applied for optimized network reconfiguration, including metaheuris-
tic methods such as genetic algorithm and particle swarm optimization (PSO). However,
voltage regulation issues will be observed mainly in non-urban radial structured residential
overhead conditions, and in most of these network structures, multiple transformers are
often not available to reconfigure the network.
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2.2.2. Solar PV Inverter Control

With the advancements of semiconductor-based devices, modern power converters can
now be equipped with advanced control functions that can be used for distribution network
voltage regulation. In the past, international standards such as IEEE 1547 (pre-2018) [36]
and grid codes across the world required inverters to operate at unity power factor and
hence they could not be used to provide local voltage regulation support. However,
recently, standards have been redefined to allow inverters to contribute to voltage control
through active and reactive power regulation. For example, IEEE 1547 (2018 version) [37]
and Australian Standard 4777.2:2020 [36] mandate local voltage regulation through the
operation of inverter power quality response modes. Modern inverters have the capability
to implement a range of different voltage regulation functions [38]. Some of the PV inverter
modes commonly studied in the literature include:

e  Constant Power Factor;

e Q(V) Control—where the reactive power is regulated through a function of the mea-
sured terminal voltage, commonly referred to as Volt-VAr control;

e PF(P) and PF(V) Modes—where the inverter operating power factor is controlled as
functions of real power and local voltage;

e  P(V) Mode—where the inverter’s real power is curtailed when the measured voltage
is high, commonly referred to as the Volt-Watt mode.

Among the above-discussed modes, Q(V) is the most implemented inverter control
function. Figure 3 shows the droop curves defined in AS 4777.2:2020 for the operation
of the Volt-Watt and Volt-VAr functions. Droop control is implemented in these curves,
which allow VAr injection/absorption depending on the voltage for the Q(V) function
and active power curtailment for high voltages in the P(V) functions. Recent studies have
investigated the performance of the distribution network when these voltage regulation
techniques are implemented. The simulation study performed on a Hawaiian distribution
network [39] concludes that both Volt-Watt and Volt-VAr controls can regulate the voltage
in both urban and rural distribution networks. Reference [40] investigates the use of smart
inverter functions for 18 distribution feeders. Not only does the study confirm that inverter
control is successful in maintaining distribution network voltage levels, but it also discusses
how these advanced settings also have the capability to increase the hosting capacity of
feeder. Furthermore, the authors conclude that more research is required to determine the
optimized setting for the inverter depending on the feeder characteristics and configuration.
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| | | | |
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(a) (b)
Figure 3. Inverter control functions: (a) Volt-Watt, (b) Volt-VAr.

Some of the main challenges when utilizing PV inverters for voltage regulation include
customer revenue loss due to active power curtailment, increased apparent power flow
and inequity for customers at different points of connection in the network. Active power
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curtailment due to inverter smart control reduces the instantaneous overall power output
of the PV system during periods of overvoltages. While this would tend to suggest
that customer revenue from grid feed-in tariffs would be reduced, recent studies have
demonstrated that significant losses are not imposed by smart inverter control. In an
Australian study [41], the results demonstrated that only 2% of energy curtailment was
caused by the activation of Volt/Watt and Volt/VAr modes. Activation of reactive power
support from inverters also requires higher power ratings for inverters (or reductions in
real power output) to supply the required reactive power. In addition, the extra reactive
power in the network, while fundamental to the ability to mitigate voltage, results in higher
apparent power flow in the feeder, increasing the losses and utilization of the network
assets [41]. Currently, most residential PV units are customer-owned, introducing inverter
settings compliance issues. In reference [42], it is shown that only a fraction of new PV
installations are properly audited and they are often found not be compliant with the
required grid standard. The analysis in reference [42] also discusses the issue of inequity
between customers connected at different nodes in a feeder. For example, if Volt-Watt
is activated, the customers towards the end of the feeder will experience more active
power curtailment than customers connected near the distribution transformer, introducing
inequity between the individual PV systems.

2.2.3. Demand Response

While demand response (DR) techniques are commonly used by DNSPs to reduce
evening peak load, with recent problems associated with voltage regulation, there has been
an increased interest in utilizing DR technologies for the mitigation of voltage variation [43].
A recent project by an Australian DNSP applied conservation voltage reduction (CVR) to
manage voltage levels in distribution network feeders [44]. CVR was implemented through
the tap operation of OLTCs controlled by trigger responses from smart inverters. The
method of utilizing smart inverters proved to be effective as the voltage information at each
connection was available to trigger the required CVR operation. Large-scale application of
this technique is still not an economically feasible option as many distribution networks are
not equipped with smart metering technology. An interesting outcome of the trial of CVR
revealed that it was more effective in winter compared to summer. The load sensitivity to
voltage obtained was 0.75% in winter compared to 0.69% in summer. The authors discussed
that this could be due to the presence of a more resistive heating load in winter seasons.

Another DR technique often used by Australian DNSPs to reduce the peak load is
the application of audio frequency injection control (AFIC) signals to control residential
loads, such as water heating and network loads such as streetlights [45]. AFIC signalling is
implemented by injecting high-frequency voltage signals onto the 50 Hz supply, which can
be detected by relays, allowing certain loads to be controlled remotely. The main advantage
of the AFIC DR method is that it does not require additional communication infrastructure.
Recently, researchers have investigated the possible application of AFIC signals for voltage
regulation. In reference [46], the authors proposed the use of DR management in a future
distribution network scenario where all the customers are equipped with a PV system
and EVs. A multimodal control strategy is proposed to regulate the EV charging (with
V2G activated) to ensure the grid assets are better utilized and the distribution networks
are utilized. The results demonstrated that the proposed technique was successful in
maintaining the distribution network voltage levels within the desired threshold. The
study, however, did not consider the PQ issues introduced when using the high-frequency
control signals. Another study investigated the harmonic PQ impacts on PV inverters with
AFIC signalling, highlighting the requirement of filtering the AFIC signal to protect the
inverters [47].
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2.2.4. Low Voltage Regulators

The final voltage regulation technique to be discussed in this section is the use of
low voltage regulators (LVR). LVRs have the capability to both increase and decrease the
voltage of LV feeders and they are designed with bidirectional capabilities. Typical LVRs
can operate within a range of 13% about the nominal voltage with an accuracy of 1 V [48].
The basic design of LVRs includes a tap changer and an electronic controller measuring the
voltage in both directions to calculate the required tap setting. The main advantage of an
LVR is that it can be installed at different locations of an LV feeder where voltage issues are
expected. LVRs are quite expensive and may not be economically feasible for low density
LV feeders; however, they would be effective to mitigate voltage issues in long feeders
with a large difference in voltage between the start and end of the feeder. The findings
of a trial of LVRs in an Australian distribution network are presented in reference [49].
Although the project presented promising outcomes, there were scenarios where the LVR
operation worsened the voltage conditions. For example, the VUF was higher when the
LVR operated in situations where only one or two phases were measured to be outside the
allowable voltage.

2.3. Role of Energy Storage in Future Distribution Networks

Energy storage (ES) systems are expected to play a key role in alleviating the main
issues related to high penetration of distributed renewable sources such as rooftop solar
PVs. With the price of ES devices or battery energy storage systems (BESS) decreasing,
they have the potential to dominate the future power industry along with PV systems.
With effective control, batteries can alleviate voltage variations by storing excess energy
when generation exceeds load and utilizing stored energy to reduce peak load [50]. As
such, the control of the battery power in distribution networks is a topic of increasing
interest. The implementation of BESS in distribution networks can be divided into two
main topologies: (i) distributed ES systems where the individual batteries are for each PV
system, and (ii) central or community energy storage (CES) with larger storage capacities,
which can be applied for an entire LV network. Some of the major works on EVs (an
alternate form of energy storage) focusing on distribution network voltage regulation are
also reviewed in this section.

2.3.1. Distribution BESS

For a typical distributed BESS implementation, the charging/discharging rate is
controlled by the local power conditioning system. Customer-owned BESSs are often
referred to as ‘off the shelf’ (OTS) BESS. Numerous examples of customer-owned distributed
(behind the metre) ES devices are documented in references [51-54]. Typical charging
algorithms include the rule-based approach via detection of the net power flow at the
point of common coupling (PCC), where the battery is charged if the PV production is
higher than the load. From the customer’s perspective, the OTS BESS can bring significant
benefits, as the power imported from the grid is greatly reduced. However, sometimes the
BESS may prematurely be fully charged/discharged under light load or cloudy days, not
allowing them to provide local support when the voltage levels are at their worst. Thus,
from the perspective of the DNSPs, OTS BESS may not be beneficial if the BESS power
is not optimally managed. Significant work can be found in the literature addressing the
control issues for distributed BESS. In reference [55], the authors controlled the individual
BESS units in an LV feeder through a centralized controller. The results demonstrate that if
properly managed, distributed BESS can also be used to mitigate PV-related voltage issues
in distribution networks. Modern OTS BESSs also have the capability of reactive power
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support. In reference [56], a four-quadrant BESS control approach is utilized to increase the
PV hosting capacity of LV feeders.

2.3.2. Community Energy Storage

Compared to customer-owned BESS, CES provides freedom for the DNSP to utilize
the storage device as required by the distribution network. This makes CES a viable
option for the DNSP to invest in as a distribution network support device. Several studies
investigate the application of CES in relation to voltage regulation in distribution networks.
In reference [8], a CES is applied in an LV feeder to mitigate a neutral potential rise issue
and provide voltage support for the distribution network. In [57], integration of DNSP-
owned community BESSs was applied to maximize the hosting capacity of the feeder while
ensuring the voltage levels were maintained. The proposed solution utilized a cost-based
multi-objective strategy considering both distribution system and battery recycling costs
and three different BESS service functions, including voltage regulation, loss reduction, and
peak reduction. Furthermore, the optimal size and location of a CES have been investigated
in reference [58] for a BESS system with four-quadrant power control, enabling control of
both active and reactive power. The effect of battery and converter sizes on current and
power losses is studied, and the placement of the CES was determined to be an important
factor with respect to their overall performance to improve network performance.

2.3.3. Electric Vehicles

The recent increase in the popularity of EVs has raised an unresolved question on how
networks must adapt to cope with the significant increase in load, especially because of
the unpredictable dynamic behaviour of the load. It is evident from the literature [59-62]
that the uncontrolled charging of EV load has the potential to severely affect the normal
operation of the grid. Currently, SAE J122 is the most popular among the charging standards
used commercially that can support the three levels of plug-in EV charging [59]. EVs will
be generally charged during the evening as people return home from work. It is at this
time that the collective charging can impose a severe burden on the hosting capacity of the
grid. In reference [63], a simulation-based study concluded that an increase of 10% in EV
numbers has the potential to increase the peak load by 18% due to residential Level 1 AC
uncontrolled charging.

However, researchers have identified the potential to use EVs as a method of support-
ing grids with high penetrations of renewables. According to the driving behaviour data
provided in reference [64], a majority of vehicles are travelling for only a small amount of
time during most days, with the vehicles remaining parked either at home or a workplace
for a much larger portion of time. The amount of parked time is even greater if there is
a second car within a household. As the number of EVs is increasing at an exponential
rate, the available battery power could be utilized to support the grid using the concept
known as V2G (Vehicle to Grid). During peak evening load, vehicle batteries can be used
as peak shaving support. In reference [65], a V2G charging algorithm is proposed where
the charging current is controlled depending on the power generated from the PV unit in
comparison with the load, and the current is discharged using a triangular function.

2.4. Utilization of FACT Devices in Distribution Network

Flexible AC transmission (FACT) system devices are widely used by transmission
system operators. Recent works have investigated the possibility of using these well-
known devices in distribution networks. Some of the common FACT devices considered to
solve voltage regulation issues in distribution networks include dynamic voltage restorer
(DVR), static VAr compensator (SVC), static compensator (STATCOM) and unified power
flow controller (UPFC). The use of FACTs in distribution networks is an ongoing research
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topic; some of the major work completed for voltage regulation, loss minimization and PQ
improvement on this topic can be found in the literature [66-69].

Of the above-mentioned FACT devices, STATCOMs show great promise for distribu-
tion network applications due to their capability to inject/absorb reactive power. Smaller-
sized STATCOMs are currently being trialled by DNSPs in Australia. Reference [70] sum-
marizes the findings from trials by an Australian DNSP, where a combination of 5 kVAr
single-phase and 20 kVAr three-phase systems was applied in LV feeders. This paper
concentrates on STATCOM:s as one of the possible FACT devices that have the potential
to be widely employed in LV feeders for voltage regulation. Compared to reactive power
support from smart inverter functions, the main advantage of STATCOM is its ability to
provide a higher level of VAr support from a single device. Furthermore, the device can be
optimally placed at a specific location in the LV feeder where the line losses can also be re-
duced. During their operation, STATCOMs also have the capability to improve the transient
stability of the system when the system experiences disturbances [71]. The deployment
of STATCOMs in distribution networks has become increasingly feasible due to advances
in power electronic converters and associated cost reductions, and they can be used to
mitigate a range of power quality issues. Several studies have shown that distribution-level
STATCOMs are effective in reducing voltage fluctuations caused by load variations through
local reactive power control [72,73]. Other work has examined coordinated schemes in
which STATCOMs are combined with OLTCs to support voltage profiles along radial MV
feeders [74] and has investigated placement strategies to identify locations that maximize
voltage improvement and minimize feeder losses [75,76].

2.5. Advanced Voltage Regulation Approaches
2.5.1. Coordinated Voltage Control

This section will present some of the more advanced and novel voltage regulation
approaches proposed for optimized distribution network voltage regulation. Reference [77]
provides an extensive review of some of the advanced voltage regulation techniques that
can be applied in distribution networks, which includes various centralized, distributed
and decentralized methods. The work also discusses the fact that although some of the
modern techniques may demonstrate excellent performance, many of these methods are
not practical solutions due to the absence of communication infrastructure and/or associ-
ated costs involved. Significant work can also be found in the literature focusing on the
coordination of multiple voltage regulation devices. Reference [78] proposes a distribution
network voltage regulation scheme utilizing both OLTCs and distributed ES. The study pre-
sented in reference [79] focuses on the coordination between smart inverters and distributed
ES, while reference [80] proposes a centralized voltage regulation method regulating the
combined tap operation of OLTCs and LVRs. Researchers have also proposed the use of
dynamic control of inverters utilizing a centralized controller. Currently, most commercial
inverters can only obtain the local feeder information, not allowing them to respond to
disturbances at other points in the network. Assuming more extensive information will
be available in future smart grids through a central controller, reference [81] proposes the
implementation of a dynamic inverter control coordination strategy allowing multiple
inverters to be controlled at the same time for improved performance. Even if the required
communication infrastructure is available, some issues have still not been addressed ex-
tensively in the literature. For example, proper incentive structures need to be developed
before these methods can be applied in real life and more work needs to be done with
respect to how the new information can be incorporated into the existing SCADA.
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2.5.2. Optimized Control of ES for Distribution Network Voltage Regulation

Another emerging research topic on voltage regulation is the application of modern
optimal theory-based control, such as model predictive control (MPC), to regulate the
charging/discharging power of ES devices for distribution network voltage regulation.
MPC or receding horizon optimization is based on optimizing an objective variable with a
prediction of future loads and PV generation. The major advantages of utilizing MPC for
ES control, as discussed in reference [82], are as follows:

e  The ability to include physical constraints in the objective function, such as the maxi-
mum and minimum state of charge (S0C) levels for the ES device.

e  The ability to utilize demand, generation, and price forecasting data.

e  The ability to incorporate multiple objectives to mitigate other distribution network
issues, including voltage regulation.

Although simple rule-based strategies for controlling the power of energy storage
(ES) units are easy to design and implement [51], they rarely deliver truly optimal per-
formance [83]. Fixed rules, such as charging when the voltage exceeds a threshold or
discharging when it falls below another, cannot anticipate future changes in load or PV gen-
eration and offer only a limited scope to enforce operating limits such as state-of-charge and
inverter ratings [84]. In contrast, model predictive control (MPC) formulates the ES control
problem as an optimization over a finite prediction horizon using forecasts of demand and
PV output [85]. This enables multiple objectives and constraints to be handled explicitly
and allows the ES schedule to be tailored to improve voltage profiles, reduce losses, and
respect both device and network limits [86-89]. These benefits come at the expense of
higher computational effort and a requirement for reliable measurements, forecasting, and
communication infrastructure, which can pose challenges for large-scale deployment in
LV networks.

2.6. Summary of Voltage Regulation Technigues

This section provides the literature review related to voltage regulation in PV-rich
distribution networks. The primary goal of this section was to review both traditional and
novel voltage regulation technologies available in the literature. In the first part of the
section, the main contributing factors that cause voltage regulation issues are introduced,
along with the importance of detailed four-wire modelling of the LV feeder. The limitations
of existing voltage regulation techniques and some of the associated implementation
challenges are discussed. The main voltage regulation techniques discussed include smart
inverter control, the use of energy-storage devices and FACTS devices, and other modern
advanced voltage regulation approaches.

While the literature survey demonstrates significant progress in regulating distribution
network voltages, most solutions are found to concentrate on the application of voltage
management devices in MV and HV networks, and this paper seeks to address this research
gap by focusing on voltage regulation techniques in LV feeders. This focus helps ensure that
voltage regulation issues are mitigated locally and are not simply transferred to upstream
networks. It was also found that distribution network studies often neglect the detailed
network modelling of the LV feeder, leading to errors or non-indicative results, which will
be addressed in this paper. The main thrust of distribution network studies concentrates on
control and the internal operation of related devices through power electronics. There exists
a gap in the literature addressing the long-term performance of PV-rich networks, especially
within LV networks. The case studies to be provided in this paper presents 24 h time series
simulation to investigate the performance with varying load and PV generation. Most of
the modern voltage regulation techniques found in the literature also do not fully consider
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the limitations of practical distribution networks (e.g., communication constraints) and the
relevant standards for DNSPs, which are discussed in the context of the present study.

In recent years, research on voltage regulation in PV-rich LV distribution networks has
increasingly focused on coordinated and data-driven control strategies. Recent works have
proposed robust central or hierarchical schemes that jointly control PV inverters, OLTCs,
and energy storage systems in order to maintain voltages within limits under high PV
penetration [90-92]. Other studies have developed distributed multi-agent voltage control
approaches for LV feeders, where smart inverters share reactive power support based on
local measurements and limited information exchange [93,94]. In parallel, probabilistic
hosting capacity assessment methods and probabilistic load flow tools have been introduced
to quantify the impact of high PV penetration on voltage profiles in large sets of realistic
LV networks [95,96]. These recent contributions underline the importance of coordinated
smart inverter control, community or distributed energy storage, and probabilistic analysis
in planning and operating future PV-rich LV distribution systems. To summarize, Table 1
highlights the main voltage regulation approaches discussed in this section, grouped by
control architecture and device type, together with representative references.

Table 1. Summary of voltage regulation approaches for PV-rich LV distribution networks.

Category

Local Device Control

Local Inverter Control

Coordinated /
Centralized Control

Storage-Based Solution
EV-Based Control

FACT Devices

Probabilistic/
Advanced Methods

Approach Main Purpose Representative References
Maintain feeder voltage
OLTC/LVR within statutory limits [16-20]
Volt-VAr / Volt-Watt Control Mitigate voltage rise from [21-30]
rooftop PV
OLTC/Inverter coordination Improved hosting cap acity [34-41]
and voltage profile
. Peak shaving and
Community Energy Storage voltage support [10,11,13,15,42-48]
Controlled charging/V2G Load shaping and voltage [60-66]
management
Fast reactive power support g
STATCOM and voltage stabilization [72=76]
Hosting capacity and Planning under high [90-96]
probabilistic load flow PV uncertainty

3. Modelling of Distribution Network Performance with High
Penetration of Rooftop PV Systems

3.1. Importance of LV Distribution Network Analysis Tool

In future distribution networks, excess PV generation may lead to reverse power flow
and increase the magnitude of the supply voltage at the consumer’s point of connection.
This voltage rise issue, along with voltage unbalance, makes it essential to perform a
comprehensive reassessment of distribution system performance in order to find solutions
and propose strategies to address these issues. As distribution systems operate at different
voltage levels, the analysis tool developed in this paper is designed to appropriately model
three-wire MV and four-wire LV networks. The tool is also capable of modelling how PQ
problems introduced in LV propagate to the upstream MV network, and the impact of high
penetration of PV on the operation of the on-load tap changer (OLTC) systems applied in
MV and HV substations.

A power-flow study is a fundamental tool for planning and operating distribution
networks. Over the years, a range of algorithms has been developed for power-system
analysis [9,97-99], including the Newton-Raphson, Gauss—Seidel, fast-decoupled and
backward-forward sweep methods. The backward—forward sweep algorithm [9] is known

https:/ /doi.org/10.3390/ electronics15051074


https://doi.org/10.3390/electronics15051074

Electronics 2026, 15, 1074

14 of 36

to perform very well in radial distribution feeders with relatively high R/X ratios, but it is
not generally suitable for meshed network topologies. Because most rooftop PV systems
are connected as single-phase units, a full three-phase power-flow formulation is required
to assess voltage unbalance in LV feeders. In this paper, a three-phase power-flow method
based on the current-injection mismatch variant of the Newton—-Raphson algorithm [97]
is employed. This approach can be applied to both radial and weakly meshed networks,
and the current-injection formulation provides a convenient way to model the combined
effect of loads, rooftop PV systems and other devices connected at different nodes of the
distribution network.

3.2. Distribution Network System Modelling

Electricity distribution systems commonly operate at multiple voltage levels, with
medium voltage (MV) feeders supplying low voltage (LV) networks via distribution trans-
formers, as illustrated in Figure 4.

1 MV Line 2 MVLV 3 LV Line 4
Impedance Transformer Impedance
Delta/Wye

el
i

(0

i

"

Figure 4. General structure of distribution networks in Australia.

3.2.1. Development of Distribution Line Models

In many distribution studies, MV and LV line sections are represented by a 3 x 3 phase
admittance matrix, where the diagonal elements contain the self-admittances and the
off-diagonal elements represent mutual coupling between phases. For LV feeders, the
effect of the neutral conductor is often eliminated by applying Kron reduction to obtain
this three-phase representation [100]. However, with increased network unbalance due
to single-phase PV injections, it is essential to investigate the effect of solar PV on the
neutral voltage and currents. If the neutral wire needs to be expressed explicitly, the
LV network impedance can be represented using a 4 x 4 admittance matrix, where the
neutral grounding impedance can be added. This is quite often not explicitly modelled
in commercially available distribution network analysis tools. For LV feeders in most
countries, a multi-grounded approach is utilized, and this is applied for modelling the 4th
neutral conductor. The matrices used to model the LV and MV lines can be expressed as:

Yaa Yab Yac 0

Yy = Yba Yob  Ybe 0 (3)
Yea Yb Ve 0
0 0 0 0

Yaa Yab Yac Yan

Yoa Ybb  Ybe Ybn @)
Yea Yob Ve Yen

Yna Ynb Ync Ymn + Yng

where the diagonal elements, y,, yi,;, and y., are the self-admittances of the three phases

Yy =

of the lines and the off-diagonal elements represent the mutual coupling admittances
between the phases a, b and c. The subscripts n and g refer to the neutral and ground phase
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respectively. The numerical values of the individual admittances can be obtained using
Carson’s Line equation with the per unit length impedances or obtained from DNSPs for
practical system modelling.

3.2.2. Modelling of Distribution Line Models

Transformers play a vital role in distribution networks because they interconnect
circuits operating at different voltage levels and with different winding configurations.
For the four-wire LV networks considered in this paper, the distribution transformers are
represented using ABCD parameters, and the relationship between primary and secondary
voltages and currents is given in (4) [101,102].

yp 0 0 2y, =Y Vi
Yi=10 y 0 Y= % —Ye 2¥¢ Vel
0 0 Yi Yt Yt ZYt (5)
—Ye Vi 0 Ve —Ye O
Ys=251 0 =y i [Ya=3|-% 2% %
Yt 0 -y 0 =y ¥

In (5), yt represents the leakage admittance of the individual phases. To incorporate
the neutral phase in the combined modelling of MV and LV, a 4th zero row and column
can be added, resulting in 4 x 4 matrices. Table 2 presents the primitive admittance
matrix depending on the connection type of the three-phase transformer being used. The
superscript “I” represents the transpose matrix operator. The overall structure of the
transformer admittance matrix can be expressed as:

Ypp Yps
YTransformer = (YSP YSS (6)

Table 2. Admittance matrix of typical transformer connections.

Connection Ypp Yps Ysp Yss
Wye-G Wye-G Y1 Y1 Y1 Y1
Wye—G Wye Y2 Y2 YZ Y2
Wye—G Delta Yl —Y3 Yz — YgT

Wye Wye Y2 Y2 Y2 Yz
Wye Delta Y, —Y3 Y, —Y3T
Delta Delta Y, Y, Y, Y,

3.2.3. Modelling of Loads

Modelling the overall load in distribution network studies is commonly done using an
aggregate representation that combines constant impedance, constant current and constant
power components, often referred to as the ZIP load model. In this work, the active
and reactive power demand at each LV node is described using such a ZIP formulation,
where the proportions of each component are chosen to reflect typical residential load
behaviour [103]. The resulting relationship between bus voltage and complex power
demand can be expressed by the following equation:

— 14 2 Z 14 I P
PZIP—P()((VO) P74+ PP @)
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A% z Vo p
Qzir=Qo| | ) Q"+ Q0 +Q (8)
W Vo
where,
PP+ P4+ P?=1Q"+Q'+Q% =1 ©)

and, P?, P! and P# are the active power contributions from the constant impedance,
constant current and constant power. V and Vj are the line-to-neutral voltage of the
customer supply and the nominal voltage respectively. The reactive power components can
be expressed similarly. Additionally, the time series use of power varies from one customer
to another.

3.2.4. Modelling of PV Systems

Each rooftop PV installation is modelled as a DC source (PV array) connected to the LV
network through a grid-interactive inverter. The PV array converts incident solar irradiance
into DC power, while the inverter injects AC current into the feeder. Under normal
conditions, the inverters are assumed to operate close to unity power factor; however, they
are represented with the capability to inject or absorb reactive power up to their apparent
power rating when required for voltage support. This structure allows the same PV model
to be used both for impact analysis and for studies that include reactive power control
modes. In the injection-based load flow formulation adopted in this paper, the inverter
at each PV node is represented by an equivalent current source. The complex current
injected by the inverter is obtained from its active and reactive power output and the local
phase-to-neutral voltage, as expressed in (7).

Pinotj SIZV[U_PIZ)ZU ) ]

( ﬂ ) (lagging)
. 2 _p2 *

(valvsmvav> (leading)

where the subscript inv for I, P and S describes the inverter’s current, real power and

(10)

Iinv =

apparent power respectively; the j operator represents the imaginary section in Cartesian
coordinates; and “*’ is the complex conjugate operator.

Derating factors have also been considered to relate the inverter’s real power and DC
power produced from the PV panels. These derating factors consider aspects such as the
efficiency of the inverter, impacts of dirt on panels and power mismatch due to multiple
panel coordination. The level of reactive power support from the PV system is controlled
by the apparent power rating of the inverter. The DC power from the maximum power
point tracking (MPPT) algorithm can be obtained from the characteristic graph of current
(Ipc) versus the operating voltage (Vpc) of the individual panels. The functions of the
voltages and currents from the panels can be mathematically represented as a function of
the following parameters [104]:

Vpc = f(t,p) (11)
Ipc = g(t,G,p, Vpe, Ipc) (12)

In Equation (11), f is a function to calculate the operating voltage of the PV panel
from the irradiance data, t represents the operating temperature, and p corresponds to a
matrix of the various PV electrical parameters such as short circuit current, voltage and
current coefficients, and the internal resistances of the modules. In Equation (12), g is a
function to determine the panel output DC current from the ambient conditions and the
implementation of the MPPT algorithm. The G in Equation (12) represents the irradiance
level of the sun at any instance.
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3.3. Power Flow Algorithm

A three-phase four-wire power flow algorithm based on a current injection mismatch
formulation is used to solve the combined LV-MV network. Figure 5 illustrates the different
components that contribute to the specified current at each node, namely customer loads,
rooftop PV inverters, STATCOMSs, and, where present, energy storage systems. For a
given operating point, the complex current injection at a node is obtained from the net
complex power of all devices connected at that bus and the local bus voltage. The network
admittance matrix is then used to relate bus voltages and currents, and the difference
between the specified and calculated nodal currents forms the mismatch vector that is
driven towards zero by the Newton-Raphson iterations.

Arbitrary Node in Network

Il

- .

A o RGN - -
225 2,
L H
Residential Energy

lar P
Solar PV Load STATCOM Storage

Figure 5. Current injection visualization in future households.

The current mismatch variable represented by Al can be expressed as:
Al =IP — [“ ~ 0 (13)

here, I°?¢ and ! are the vectors of the three-phase specified and calculated currents
respectively, at a bus. The specified current in a bus can be calculated from the apparent
power and the bus voltage of the load, PV system and the storage component. The
individual contributions from the different components of a customer can be used to
mathematically obtain the specified current from:

5 — _ILoual + IPV (:I:IES> (iIStat> (14)

In Equation (14), 1%, [PV, [ES and I5% are the bus current injections from the load,
the PV system, the energy storage system and STATCOM respectively. The load current
has been expressed with a negative sign to illustrate that it is drawing current from the
grid. As storage devices and STATCOM will be investigated as a mitigation strategy, the
current contribution from batteries (1£%) and reactive current from STATCOM (I°') are
also included. When the battery is charging, it behaves as a load and its current is taken
as negative, whereas during discharge for evening peak support, the battery current is
positive. The three-phase currents at an arbitrary node m are obtained from the general
network current-voltage relationship given by:

Ircrfl = Zk Yinn Vi (15)

n=1

Here Y denotes the admittance element between buses m and n, and k is the total
number of buses in the system. Equation (15) can then be rewritten to express the cur-
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rent mismatch at bus m in terms of its real and imaginary components, as shown in the
following equations:

P, VRe v ima

arke = LV & Q¥ = Y1 (G Vi = B Vi) (16)
(vike+ jvire)
P, \ima VRe

apt = PV OV ok (i — Bun V) (17)

(vie +jvfnm)2

In Equations (16) and (17), the superscripts Re and Im represent the real and imag-
inary components of the corresponding current and voltage vectors. G, and By, are
4 x 4 matrices that represent the real and imaginary magnitudes of the admittance matrix.
The individual current, voltage, real and reactive power elements in (13) and (14) are
4 x 1 matrices where each row corresponds to individual phase measurements. The fourth
element corresponds to the neutral conductor in MEN systems. At each bus, the net real
and reactive power is obtained by combining the contributions from the PV generation, the
local load demand, and the energy storage system. After the current mismatch vectors have
been calculated for all buses, they are used to form the voltage correction vector within the
Newton-Raphson iterative process. A key benefit of using a current-mismatch formulation
in Cartesian coordinates is that the resulting Jacobian matrix closely resembles the network
admittance matrix, with only the diagonal elements needing to be updated at each iteration.
The relationship between the voltage update vector and the current mismatch vector can
be written as:

AVabcke Alabcl™
= 1
AVabcfn’”] ino(]) x Alabcke (18)

where | is the 8 x 8 Jacobian element. Here, each bus is defined with four wires (three
phases and neutral), and all the elements are represented using both real and imaginary
components, making the | matrix 8 x 8. The imaginary and real components of the current
mismatch matrix are inverted using the formation of the Jacobian matrix, which only
requires an update in the diagonal elements. This simplifies the power flow solution. The
details on how to calculate the Jacobian are provided in reference [97], and this method is
utilized in this paper. To find the solution for the power flow, the voltages in the buses are
updated iteratively until the current mismatch vector reaches a predefined tolerance.

3.4. Case Study Parameters
3.4.1. LV Feeder Modelling

To demonstrate the voltage issue due to the integration of solar PV in LV feeders, a
typical overhead four-wire feeder from NSW, Australia, has been modelled. In practice, LV
feeders have an almost infinite range of configurations, including underground networks
in city centres. Overhead feeder parameters are used as the overhead network is commonly
used in residential networks. In addition, the high R/X ratio associated with overhead
network construction means the worst voltage scenarios can be expected in overhead
systems. The case study feeder length is 300 m, and it is supplied by an 11 kV /400 V delta-
star distribution transformer with 4% reactance (200 kVA transformer). The line-to-neutral
voltage at the distribution transformer busbar is set to 240 V, which is 10 V above the
Australian nominal value of 230 V. To represent a worst-case operating condition, the LV
feeder is assumed to be heavily loaded, with 60 customer loads distributed evenly across
the three phases. For a feeder length of 300 m, this corresponds to an average spacing of
15 m between consecutive loads, based on 20 connections per phase. Each customer is
assigned a peak demand of 3 kW, and a 5 kW single-phase rooftop PV system is installed at
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every load point. Figure 6 shows the basic single line structure of the radial LV feeder to be
used for the case study.

Source Busbar Bus1 Bus2 Bus3 Bus18 Bus19 Bus20

\Hﬁsﬂﬁﬁﬂﬁﬂﬁﬂﬁ

Delta-wye ‘—‘ ‘—‘

11/0.4 kV

Figure 6. LV feeder to be used for the simulations.

For four-wire modelling, a 4 x 4 matrix was defined for the line impedance, and as
such, the case study explicitly models the neutral conductor. To model the earth explicitly, a
five-wire approach needs to be used; however, this homogenous system would not produce
significant changes in the obtained voltages of the floating neutral. The conductor used
for forming the network had a positive sequence resistance and reactance of 0.583 (3/km
and 0.3523 (}/km (cable type- Banana-6/3.75ACSRGZ) respectively, giving an overall R/X
ratio of 1.65. A grounding resistance of 0.5 () was used to model the neutral-to-ground
connection [8]. The cable impedance, line geometry and grounding resistance values were
used to form the 4 x 4 impedance matrix in order to model the four-wire system using
Carson’s equations [23]. Table 3 summarizes the key parameters used in the model, where
each customer is assigned a peak demand of 3 kW, and a 5 kW single-phase rooftop PV
system is installed at every load point, connected to the same phase as the corresponding
load, so that 20 PV systems are connected on each of the three phases.

Table 3. Simulation parameters.

Peak Load 3 kW at 0.95 pf

PV System 5 kW default unity pf

Length of Feeder 300 m with 15 m between load connections
Line Impedance 0.583 +j0.3523 (2 /km

Grounding Impedance 050

3.4.2. MV Feeder Modelling

Figure 7 illustrates the single line diagram of the network structure used to model
the MV components applied in the case study. The system parameters have been selected
to replicate an Australian 11 kV distribution system. The above-described LV feeders
are connected in the numbered nodes in the network as shown. The conductor used for
forming the network had a positive sequence resistance and reactance of 0.31 (2/km and
0.35 (2/km respectively, respectively. This leads to a lower R/X ratio compared to the
conductor and lines used in the LV feeder. The distance between each node was set to
750 m, giving a total MV network length of 14.25 km. Combined modelling of MV and
LV networks allows the impact of LV PV systems on the immediate upstream network
operation to be evaluated. The mitigation strategies discussed in this paper are also tested
in the MV network to analyze overall system performance.
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Figure 7. An 11 kV MV network to analyze the impact on upstream networks.

OLTCs are typically used in zone substation transformers (HV/MV) to regulate the
distribution network voltage levels within the statutory limits. In NSW, OLTCs are used
to step down the voltage from 66 kV /33 kV to the 11 kV used in most MV networks. A
star-star connection is generally deployed in these zone substation transformers. The target
voltage, bandwidth and time delay are the key parameters in the operation of the OLTC.
Zone substation transformers traditionally have 7x —1.5% taps and 14x +1.5% taps, as
distribution systems historically require boosting the voltage for downstream power flow.
According to reference [105], the time delay used by Australian DNSPs is 60 s to ensure
the OLTC does not operate during transient events. The voltage bandwidth used in the
modelling is 2.8% and the tap position is varied if the secondary voltage is not within
the bandwidth set. The time delay setting needs to be lower than the delay set at the
transmission level to avoid instability in the tap changing operation.

4. Australian LV-MYV Case Study Under High Rooftop PV Penetration

4.1. PV Impact on LV Networks
4.1.1. Voltage Profiles in PV-Rich LV Feeders

Modelling the overall load of a customer is a complex task because a typical house
contains a range of different electrical appliances and ratings, types, and operating princi-
ples, and the time of use needs to be considered. As discussed, voltage regulation issues
in distribution networks are expected to be worse in residential overhead LV and MV
feeders. Hence, the load data to be used in this paper has been selected to imitate a typical
residential household. Although a typical household would have more step (on/off) type
loads, the household load is represented by a curve which closely matches an aggregate of
households (statistical representation of a household) to ensure the resulting voltage profile
aligns with results presented in field data from references. To demonstrate the performance
of DNs in terms of varying loads and PV output, a 24 h time series simulation is used
for the case study LV feeder. The data used for the simulations was 1 min interval data
provided by a DNSP in NSW, Australia, measured at the MV /LV distribution transformer.
The load data used had a peak value of 3 kW, and the rooftop PV system had a rating of
5 kW. The irradiance data was configured to represent the characteristics of a summer day;,
without cloud passing events. No cloud passing events were introduced, as this paper
focuses on steady state voltage regulation.

Figure 8 shows the active power variation in the load and PV output throughout the
day. Although some modern loads may be capacitive in nature, the load was operated
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at a lagging power factor of 0.95. The PV system was operated at unity power factor to
demonstrate the voltage rise situation without any smart inverter functions operational.
It was assumed that the loads in the LV feeder are uniformly distributed. This may not
imitate a real-life scenario, but it is a common technique used for distribution network
analysis, as the worst-case scenarios of voltage rise and drop can be demonstrated [31]. The
general patterns for the time series power flow can also be observed, highlighting the time
of day when these issues are to be expected. In this study, a single high PV penetration
level is considered, where each of the 60 customers has a 5 kW rooftop PV system and a
3 kW peak load, so that the total installed PV capacity of 300 kW corresponds to 167% of
the 180 kW peak feeder load.

5 T T T T T
| Load |
4 PV
3t Net Exchange
2

1+ Maximum Voltage
Rise and Reverse

Evening Peak with
ot Power Flow \ no PV production 1
_3 1 1 1 1 1
0.00 4.00 8.00 12.00 16.00 20.00 24.00

Time(hours)

Active Power (kW)

Figure 8. Time series variation in load and PV output.

According to Australian Standard AS 61000.3.100 [24], the line-to-neutral voltage at LV
should be within 0.94 and 1.10 pu of the 230 V nominal value. This allows the individual
line-neutral voltages to vary between 216.2 V and 253 V. Two scenarios have been identified
in the plot shown in Figure 8 to investigate the most extreme voltage deviations during
maximum reverse power flow and the evening peak load. They can be described as:

e Midday, where there is maximum PV production and minimum load. Here, the PV
systems are operated at 5 kW and the load is at 55% of its peak value. The value of 55%
was selected based on the load data shape provided by a DNSP in NSW, Australia.
This represents the maximum voltage rise scenario with significant reverse power flow
in the network.

e  Evening Peak with the load with no PV production. Here, each load is operated at
3 kW (at 0.95 lagging) and there is no production from the PV systems. This represents
the maximum voltage drop scenario.

Figure 9 illustrates the voltage profile along the feeder for the two scenarios, where the
blue line and orange line plot Scenario 1 and Scenario 2 respectively. As a uniform loading
approach was utilized (i.e., loads are distributed uniformly along the feeder length), the
node at the end of the feeder experienced the maximum voltage variations. In addition,
for this modelling scenario, more than half of the customers connected to this feeder will
experience overvoltage conditions at midday. For both cases, the voltages towards the end
of the feeder are shown to be well outside the allowable range. The maximum voltage
observed is 259.2 V for maximum PV production and the voltage decreased to 212.1 V
during the maximum evening load.
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Figure 9. Voltages along the LV feeder.

4.1.2. Impact of PV in Practical Networks

In this section, the 99th percentile voltage recorded in LV feeders will be presented to
highlight the capability of PV to change the trend of the future voltage profile. The data was
provided by a DNSP in NSW for the Power Quality Compliance Audit project [106]. Since
the current penetration levels in many feeders may not be high enough to cause significant
reverse power flows, voltage rise is not apparent from real-life network data. In many
cases, the monitored data are in strong parts of the distribution network, where the network
impedance may not be high enough to induce a significant voltage rise. Figure 10 depicts
the average 99th percentile voltage profile of an LV feeder from 2009 to 2017. It can be
observed that over the years the shape of the profile is changing, with significantly higher
voltages recorded during PV generation (midday) in comparison to light load periods (early
morning), indicating the generation from PV units at daytime. However, if the voltage
magnitudes are considered only, there has been little increase in the overall magnitude of
the voltage, other than where there is a step decrease for 2017. This is mainly because the
nominal voltage in LV feeders is being gradually adjusted from 240 V to 230 V. Recently,
DNSPs have also introduced aggressive voltage regulation to facilitate the rooftop PV
systems. Some of the techniques applied include adjustment to the fixed tap of the MV /LV
distribution transformer and decreasing the MV voltage set points. This method may not be
sustainable since the peak load in distribution networks is also on the rise and a reduction
in the distribution transformer voltage may introduce significant under-voltage periods.

000 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Hour of Day

Figure 10. Average 99th percentile voltage profiles from 2009 to 2017.
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The impact of PV generation on voltage is further analyzed by observing the time
of day when the maximum voltage occurs. Figure 11 shows the time of day when the
maximum voltage of the sites was recorded from 2009 to 2017. The overall trend is apparent
here, as in 2019, only 23% of the sites recorded maximum voltage during the day, whereas
in 2017, 60% of the sites recorded their maximum voltage during the day. The results
here highlight the observation made above that the overall voltage profile of LV feeders
is changing with the uptake of rooftop PV units. In the future, as the penetration levels
increase, significant voltages rises are expected to be observed and the simulation results
presented in this chapter will aim to highlight such a scenario.

120
100 -~
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60 -
40 -
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m Day
H Night
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Year

Figure 11. Time of day when the maximum 99th percentile voltage is observed.

4.1.3. Three-Phase Time Series LV Performance Analysis
LV Feeder Loading and PV Generation

DNSPs typically aim to distribute the load equally in the three phases, but due to
the randomness in the electricity usage from customer to customer, this can result in an
unbalanced factor. To illustrate the effect of unbalanced PV allocation in the network, the
load and PV size in each household were increased by 10% in phase A and decreased by
10% in phase C. This resulted in the PV size being 5.5 kW, 5 kW and 4.5 kW and peak load
being 3.3 kW, 3 kW and 2.7 kW in phases A, B and C respectively. Figure 12 shows the
active power time series variations in the load and PV power in the three phases of the
distribution network. Since both the load and PV production is highest in phase A, it is
expected that both the overvoltage and undervoltage conditions will be worse in phase A
compared to phases B and C; this is reflected in the graphic.

6
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Figure 12. Time series load and PV variations per phase.
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The LV feeder considered in this study has 20 nodes with a spacing of 15 m between
the individual loads. As per Section 3.4, this results in the feeder supplying power to
60 individual households. Figure 13 plots the net exchange of real power in the individual
phases based on time of day. As expected, for both forward and reverse power flow, the
peaks were observed in phase A. This refers to the overall active power measured at the
distribution transformer. The general phenomenon of modelling the PV generation as a
negative load was applied here. The plot also demonstrates the multidirectional power
flow that will be a feature of future distribution networks. During a significant proportion
of the day, there was a reverse power flow in the network. For both forward and reverse
power flow, the peak power at the LV transformer was measured to be approximately
60 kW in each phase. The plot in Figure 13 also demonstrates that PV systems do not
reduce the overall peak power in the feeder, as PV generation is not present during the
evening when peak loads are most common. In terms of power unbalance, both before
and after the maximum reverse power flow, the difference in power between the phases
decreased as the PV production varied.
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Figure 13. Net exchange of power in LV feeder.

LV Feeder Performance with Rooftop PV

As observed from the plot of the voltage profile (Figure 9), it is evident that the voltage
at the end of the feeder experiences the maximum voltage deviation as power is carried to
and from the individual households along the feeder. Figure 14 illustrates the variations in
the steady state 24 h node voltages at the end of the feeder, where the time series power
flow simulations were undertaken both with and without PV systems.

Without PV systems, the traditional voltage regulation issue in radial LV feeders is
observed in Figure 14a. With the highest loading, phase A experienced the maximum
voltage drop during the peak evening load, when the voltage was observed to be 209.3 V.
This is significantly below the lower voltage limit of 216.2 V as prescribed by AS 61000.3.100.
However, this can be easily solved by DNSPs by setting the tap of the off-load tap changer
to increase voltage at the start of the feeder. The recommended setting of 240 V was used for
the simulations, which can be increased to ensure the voltage at the end of the feeder does
not fall below 216.2 V. Capacitor banks are often used to boost the end-of-feeder voltage
as well.
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Figure 14. Time series voltage variations for a 24 h simulation: (a) without PV, (b) with PV.

With PV systems connected throughout the feeder, multidirectional power flow in-
duces both overvoltage and undervoltage in the system, as seen in Figure 14b. In phase
A, the highest line-to-neutral voltage recorded was 262.1 V (which exceeds the Australian
upper limit of 253 V) and during peak load, the voltage decreased to 209.3 V. This results in
a total voltage deviation of 52.8 V (in excess of the range of 37 V). This demonstrates the
need for a dynamic voltage regulation device capable of both buck and boost the feeder
voltage if successful mitigation of voltage variation is to be achieved. It is also evident that
due to the large difference in the sending and receiving end voltage, devices operating by
stepping the voltage profile, such as OLTCs and LVRs, may not be a long-term solution to
the voltage regulation problem.

Figure 15 shows variations in the feeder line losses with and without rooftop PV,
which illustrates how the overall line losses vary throughout the day. As the PV production
increases, the loads can be supplied locally, and hence it can be seen that the line losses
decrease as power is not required to be carried by the feeder conductor. However, during
maximum reverse power flow at midday, the feeder must carry the excess power from the
households to the upstream MV network, and hence the line losses increase as seen from
the orange plot. Without any production from PV, the feeder line losses are identical with
and without rooftop PV systems in the LV network. For the 24 h case study presented, the
total energy lost from line losses without PV was 203 kWh, and with PV it was 132 kWh. In
terms of distribution network performance, this reduction of 35% of the line losses is one of
the key advantages of distributed rooftop PV systems, as the loads can be supplied locally
for a significant proportion of the day.
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Figure 15. Variations in the feeder line losses with and without rooftop PV.

To quantify the voltage unbalance in the system, the definition of the voltage unbalance
factor (VUF) according to the IEC/TR 61000-3-13 [25] will be utilized. This has already
been defined in Equation (1) of Section 2. Figure 16 plots the variations in VUF measured
at the end of the feeder, where the voltage difference between the phases was measured to
be highest. The maximum VUF was measured to be 3% during the peak evening load. It
was found that the VUF decreased when the PV was operating. This is because when the
loads are supplied with the power produced from the PV units, there is a decrease in the
distance that the power being carried by the feeder has to flow, and hence the deviation
of the voltage between the phases decreases. During midday, the VUF with PV increased
to around 1%, which was lower than the VUF obtained without any rooftop PV units
installed. This reduction is therefore an expected outcome for the relatively uniform PV
deployment scenario studied here, in which PV generation reduces both the magnitude
and the relative differences in phase currents. In LV networks where PV uptake is more
uneven or randomly distributed between phases, the VUF may conversely increase with PV
penetration, and a systematic sensitivity study of VUF with respect to PV phase allocation
is identified as an area for future work.
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Figure 16. Impact of rooftop PV on voltage unbalance.
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The influence of rooftop PV on the neutral-to-ground (N-G) voltage in a four-wire LV
MEN system has been examined. When the phase currents are significantly unbalanced,
the resulting N-G voltage can become a serious concern. An elevated neutral potential
may act as a noise source for sensitive equipment and can lead to the malfunction of
devices that require a clean sinusoidal supply. In many traditional distribution network
studies, the neutral conductor is either eliminated using Kron reduction or assumed to be
perfectly grounded. From a practical point of view, this is often unrealistic, particularly
in networks with a high level of unbalance. Field measurements have also shown that
neutral grounding resistances are frequently higher than the design values specified by
the distribution network operator, partly due to coupling with underground metallic
infrastructure such as water pipes. Unlike the phase voltages, which usually reach their
maximum at the end of the feeder, the N-G voltage tends to be largest near the sending end,
where neutral currents are highest. Figure 17 presents the variation in the neutral-to-ground
potential at the 400 V busbar of the 11 kV /400 V transformer supplying the feeder for
grounding resistances of 0.05 (2 and 0.5 Q). For an almost solidly grounded neutral design,
the N-G voltage does not exceed 0.2 V, which is well below the maximum allowable N-G
threshold for most sensitive equipment. However, if the grounding resistance is assumed
to be 0.5 (), the unbalance due to the PV and load may increase the N-G potential to exceed
0.5V as seen from the orange plot in Figure 17. When analyzing the capabilities of different
voltage mitigation techniques, N-G voltage is one metric able to be used to quantify the
improvement in network unbalance.

Grounding resistance of 0.05 ohm
Grounding resistance of 0.5 ohm

0.8" Common Mode Voltage 1
Limit for Sensitive

N-G Potential

0.00 4.00 8.00 12.00 16.00 20.00 24.00
Time(hours)

Figure 17. Daily variation in the neutral-to-ground voltage.

4.2. MV Simulation Results
4.2.1. MV Network Setup

In this section, the performance of the MV network will be analyzed to investigate
if the issues introduced due to PV integration in LV networks can be propagated to the
upstream distribution network. The MV network described in Section 3.4.2 has been used
for the power flow simulations presented in this section. The 11 kV network replicating
a practical MV network has a total length of 14.25 km, with 750 m between the buses.
As seen from the MV network in Figure 7, there were 19 buses in total with an OLTC
connected at the zone substation to regulate the voltage. For the simulation, the 300 m
LV feeder previously described was connected to each bus of the network. This led to
a total of 19 LV feeders connected to the MV network through a delta-star 11 kV /400 V
step-down transformer. The peak rated power for the MV network was 3.42 MW. The zone
substation OLTC transformer used for the analysis in this section consists of 7x —1.5% taps
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and 14 x +1.5% taps. The parameters of the OLTC used for the MV network simulation
replicate those of a typical OLTC used in Australian MV networks. The presence of more
taps available to boost the voltage demonstrates that traditional distribution systems mostly
require boost functionality to account for the voltage drop due to downstream power flow.

4.2.2. Voltage Levels in 11 kV MV Feeder

Figure 18 shows the line-line voltages in the MV network with and without rooftop
PV systems in the residential case study distribution network. Here, the line-line (L-L)
voltages were measured at bus 19, as this is the bus that experiences the maximum voltage
variations in the MV network. This is because bus 19 is furthest from the zone substation.
For both the scenarios considered in this case study, the L-L voltages were observed to
be maintained within the allowable threshold of +10% of the nominal 11 kV. Without PV
systems, the tap changing operation can be observed from the sudden change in voltage
levels as identified in Figure 18a. Figure 18b shows that during the daytime, when there is
significant generation from the 5 kW PV sources installed at the individual LV customers,
the MV L-L voltages during the daytime increased significantly. This demonstrates that
reverse power flow from LV feeders does have the capability to cause a voltage rise
in the upstream MV network. The increased number of steps in the measured voltage
also demonstrates that the OLTC is forced to operate more frequently to maintain the
voltages within the tolerance band within the MV network. It is well known that the
utilization of an increased number of taps of the OLTC will decrease its overall lifetime
and may require early replacement or maintenance, as they were not designed to operate
in a multidirectional distribution network. This increased operation of the OLTC and the
corresponding required increases in maintenance and possible loss of life further emphasize
that the issues introduced due to PV integration in the LV network need to be addressed
locally to ensure the MV network operation is not impacted.

4.2.3. Analyzing the Changes in OLTC Operation

In this section, the tap position of the OLTC will be further analyzed to gain a quan-
titative understanding of the degree to which the operation of a zone substation OLTC
may change in future PV-rich distribution networks. Figure 19 plots the tap position of
the OLTC transformer; the blue plot shows the operation of the OLTC in a traditional
system with only loads, and the orange plot shows the variations in the tap changes when
the customers at LV were fitted with rooftop PV systems. It is seen that when there is no
production from PV at night the tap position of both the case study scenarios are the same
(i.e., there is overlapping of the plots). However, as the PV generation increases during the
daytime, the OLTC needs to lower its tap position to buck the voltage levels. Without PV
systems, the OLTC required five tap changes as seen from the blue plot. With PV systems,
the OLTC needed to make 14 tap changes. This led to a total of 19 tap changes required
by the OLTC. Overall, this is an increase of almost four times compared to the scenario
without PV generation. Traditional OLTCs were not designed to operate this frequently
and this demonstrates that increased OLTC maintenance will be required and/or loss of
life may be encountered.
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Figure 18. Variation in the MV line-line voltage: (a) without PV systems, (b) with PV systems.
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4.3. Discussion

The results presented in Sections 4.1 and 4.2 highlight the combined LV-MV impacts
of high rooftop PV penetration in a four-wire MEN residential feeder representative of
Australian distribution networks. Under the considered high penetration level, the feeder
experiences increased phase voltages during midday PV generation, elevated voltage
unbalance in biased allocation scenarios and noticeable neutral-to-ground (N-G) voltage
magnitudes when higher grounding resistance is assumed. These findings confirm that
voltage rise is not the only technical concern in PV-rich LV networks; unbalance and neutral
potential behaviour must also be considered.

Importantly, the N-G voltage results demonstrate the value of explicit four-wire mod-
elling. In a conventional three-wire representation, the neutral potential would be fixed to
ground and these effects would not be observable. The integrated LV-MV analysis further
shows that high PV penetration influences upstream OLTC operation and transformer
loading, reinforcing the need for coordinated voltage management across voltage levels
rather than isolated LV-only assessments.

From a planning and operational perspective, the case study indicates that feeders
with high PV-to-load ratios may require a combination of inverter-based voltage control,
appropriate OLTC settings, and, where necessary, additional reactive power support or
storage-based solutions. These observations are consistent with the mitigation strategies
reviewed in Section 2 and emphasize the importance of detailed modelling when assessing
future DER-rich distribution systems.

5. Conclusions

This paper has examined voltage regulation challenges in PV-rich Australian resi-
dential distribution networks through a combination of the literature review and detailed
modelling and case study analysis. The review has shown that high penetrations of rooftop
PV led to characteristic changes in LV feeder behaviour, including midday voltage rise,
increased voltage unbalance, elevated neutral-to-ground potentials in MEN systems and
altered operating duties for on-load tap changers (OLTCs). A range of mitigation options
has been identified, spanning traditional network reinforcement, smart inverter functions,
demand response, low voltage regulators, energy storage, and FACTS devices, as well as
more advanced coordinated and optimization-based control schemes.

A three-phase four-wire LV-MV power-flow framework was developed that explicitly
represents the LV neutral conductor and MEN earthing arrangement. This framework was
applied to a representative Australian LV overhead feeder with high rooftop PV penetration
and to its upstream 11 kV network. Time-series simulations over a 24 h period demonstrated
that, under worst-case conditions, a substantial proportion of LV customers can experience
voltages outside the AS 61000.3.100 limits, with maximum voltages exceeding 253 V during
periods of high PV generation and minimum voltages below 216.2 V during evening peak
demand. The results also showed significant changes in line losses, neutral-to-ground
potentials, and OLTC operation, including an approximately four-fold increase in daily
tap-change counts when rooftop PV is present.

From a planning and operational perspective, these findings emphasize the need
for voltage-management solutions that can maintain LV within statutory limits while
containing line losses, neutral-to-ground voltages and OLTC wear, thereby helping DNSPs
identify feeders at greatest risk under high rooftop PV penetration and prioritize where
additional LV-management measures or monitoring may be required.

Future work should extend the analysis to a broader set of feeder topologies and oper-
ating conditions, including feeders with mixed underground and overhead construction,
different levels of PV diversity, and the presence of electric vehicles and other emerging
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loads. Integration of realistic measurement uncertainty, communication constraints and
DNSP operational practices would further support the translation of proposed voltage-
management strategies into practical deployment in Australian LV networks.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current

AFIC Audio Frequency Injection Control

AS Australian Standard

BESS Battery Energy Storage System

CES Community Energy Storage

CVR Conservation Voltage Reduction

DC Direct Current

DER Distributed Energy Resource

DNSP Distribution Network Service Provider
DR Demand Response

DVR Dynamic Voltage Restorer

ES Energy Storage

EV Electric Vehicles

FACTS Flexible AC Transmission Systems

HV High Voltage

IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
J122 SAE J122 Plug-in Electric Vehicle Charging Standard
LV Low Voltage

LVR Low Voltage Regulator

MEN Multiple Earthed Neutral

MPC Model Predictive Control

MPPT Maximum Power Point Tracking

MV Medium Voltage

OLTC On-Load Tap Changer

OTS Off-the-shelf

PCC Point of Common Coupling

PF Power Factor

PQ Power Quality

PSO Particle Swarm Optimization

PV Photovoltaic

SAE Society of Automotive Engineers

SCADA Supervisory Control and Data Acquisition
SoC State of Charge

STATCOM  Static Synchronous Compensator

SvC Static VAr Compensator

UPFC Unified Power Flow Controller
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V2G Vehicle to Grid
VUF Voltage Unbalance Factor
List of Symbols
Electrical Network Parameters
Symbol Description Unit
Vi Complex Voltage at bus m A%
Ve, Vim Real and imaginary components of bus voltage V
Iy Complex current injection at bus m A
Lre, Iy, Real and imaginary components of bus current A
Y n Admittance between buses m and n S
Gun Conductance between buses m and n S
B Susceptance between buses m and n S
V4 Line impedance Q
R Line resistance @)
X Line reactance Q
R Neutral grounding resistance Q
VNG Neutral-to-ground voltage v
Power and Energy Variables
Symbol Description Unit
P Active (real) power kW
Q Reactive power kVAr
S Apparent power kVA
Ppy Active power output of PV system kW
Qpv Reactive power output of PV system kVAr
Pioad Active load demand kW
Qload Reactive load demand kVAr
Pgs Active power of energy storage system kW
Qks Reactive power of energy storage system kVAr
Numerical and Modelling Variables
Symbol Description Unit
Al Current mismatch vector A
AV Voltage update vector A%
] Jacobian matrix N/A
k Total number of buses in the system N/A
m,n Bus indices N/A
t Time h
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