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ABSTRACT

The proliferation of residential distributed energy
resources is driving the need for advanced and proactive
approaches to ensure the integrity of distribution
networks. Common techniques accessible to distribution
companies often involve power flow analysis, which entail
the availability of adequate electrical models (an accurate
and complete set of data on customer phase grouping,
network topology and line impedances). However, in low-
voltage (LV) residential areas, these models are often
inaccurate and/or incomplete, creating significant
challenges and limitations for distribution companies
when trying to apply any model-based approach in
practice. Exploiting the availability of smart meter data,
this paper presents a three-step, data-driven methodology
to validate electrical models. The proposed methodology
has been successfully demonstrated in Project EDGE
(a high-profile, government-funded trial in Australia) to
produce accurate, power flow-ready models of real-world
feeders. This work also highlights the key insights and
learnings from working with real data and LV feeders.

1. INTRODUCTION

The proliferation of residential distributed energy
resources (DER), such as rooftop solar PV, batteries, and
electric vehicles, is creating significant challenges for
distribution companies. This is because the existing
distribution networks have not been designed to withstand
the diverse behaviours of DERs. For instance, excessive
reverse power flows can cause severe voltage rise issues
around noon [1] and the highly coincidental charging of
electric vehicle can exacerbate voltage drop issues in the
evening [2]. Therefore, more advanced and proactive
approaches are necessary to ensure network integrity (i.e.,
customer voltages are within statutory limits and network
asset are not overloaded).

In this context, the common techniques accessible to
distribution companies (such as heuristic algorithms [3]
and optimal power flow-based optimisations [4, 5]) often
rely on power flow analysis, which entail the availability
of adequate electrical models (i.e., accurate and complete
information on customer phase grouping, network
topology and line impedances). Although, to a certain
extent, modelling data do exist within distribution

1 Project EDGE (link) is a high-profile, government-funded trial in Victoria,
Australia that aims to create a proof-of-concept platform for DER to provide
services through aggregators. Here, the production of accurate electrical models is
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companies’ databases, they are often incomplete and
erroneous, which is particularly prevalent for low-voltage
(LV) residential feeders [6]. Therefore, being able to
produce accurate electrical models of LV feeders is
extremely crucial for distribution companies so that they
can effectively tackle the challenges of rapid DER growth.

Thanks to the deployment of smart meters, with certain
jurisdictions reaching as close as 100% installations for
residential and small commercial/industrial customers
(e.g., in the State of Victoria in Australia as well as
nationwide across Spain, Denmark and Finland), data-
driven techniques have emerged in recent literature to
tackle the fundamental challenge of inadequate modelling
data. Some works focus on tackling one aspect of the
electrical model (e.g., phase grouping identification [7],
topology construction [8] or line impedances estimation
[9]) while others have investigated ways of reproducing
the entire model simultaneously [10]. Nonetheless, a key
limitation of these works is that they have not been tested
for real-world feeders and with real smart meter data.

This paper presents a three-step methodology to produce
accurate, power flow-ready electrical models of real-
world, three-phase LV feeders. Starting with the existing
(and potentially incomplete/erroneous) data from
distribution companies, several smart meter data-driven
techniques are exploited, along with technician site visits,
to correct and/or validated customer phase groupings,
feeder topology and line impedances. The proposed
methodology leverages the authors’ prior work in [7, 9]
while also incorporating further adaptations to cater for
real smart meter data and feeders. The proposed
methodology has been applied in Project EDGE ! to
produce validated electrical models of two LV feeders in
Victoria, Australia. This paper also shares the key
challenges and learnings from working with real-world
smart meter data and feeders.

2. METHODOLOGY

2.1 Overview of a Three-Phase LV Feeder

An illustration of a (residential) three-phase LV feeder is
shown in Figure 1. The start of a feeder is named head-of-
feeder which corresponds to the secondary terminal of the
distribution transformer. Each customer (i.e., a house) is
connected to the head-of-feeder through the common
backbone (three-phase, as depicted by the three coloured
lines) and individual service cables (either single-phase or

essential in enabling the distribution company (AusNet Services) to calculate meter-
level operating envelopes (time-varying power export and import limits at the point
of connection) so as to ensure network integrity while facilitating DER services.
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three-phase, depending on the connection requirements).
From a modelling perspective, the key information
required to produce a complete electrical model consist of:
1. customer phase groupings, i.e., which of the three
phases each customer is connected to;
2. feeder topology, i.e., how the backbone and service
cables are interconnected with each other; and
3. line impedances, i.e., the resistance and reactance for
each segment of the backbone and each service cable.
NB. Each backbone segment is defined by the section
between service cables of adjacent customers.
In this work, the neutral conductor (typically found in LV
feeders) is not explicitly considered. This is achieved
through the Kron reduction technique [11] which is
adequate for LV feeders with sufficient earthing points
(such as in Australia, where the neutral conductor is
earthed at every customer’s meter).

2.2 Data-Driven Model Validation

To a certain extent, modelling data can be extracted from
the various databases of distribution companies, such as
the geographic information system (GIS) and SCADA
system. However, and particularly for LV feeders, there
are often data quality issues such as missing information
(e.g., phase grouping not being recorded when the
customer connection was first established) and erroneous
information (e.g., the location of a customer is incorrected
recorded). As a result, the existing data is often insufficient
to produce an adequate model for the purpose of accurate
power flow analysis. Therefore, the three-step process
discussed next (phase grouping identification, topology
verification and impedance correction) is developed to
resolve potential issues with existing modelling data. This
methodology leverages historical measurements (voltage
magnitude, active power, and reactive power) from both
smart meters (installed at the customers’ premises) and the
head-of-feeder monitor (installed on the secondary side of
the transformer). While head-of-feeder monitors are not
necessarily common in LV feeders, they have been
deployed in Project EDGE to capture the necessary data
for modelling and other trial related purposes.

Step 1: Phase Grouping Identification

The first step is to identify the phase grouping of all
customers, which uses the clustering algorithm proposed
in [7]. Here, two statistical analysis techniques (hamely
principal component analysis and unconstrained k-means
clustering) are exploited to extract the inherent correlation
in the time-series voltage profiles of customers belonging
to the same phase group. This algorithm is applied to both
smart meter data and head-of-feeder data in order to obtain
phase group matching of customers with respect to the
three-phases of the distribution transformer.

Step 2: Topology Verification

The second step is to resolve any issues with the existing
information on feeder topology from the GIS system. This
is an iterative process between carrying out desktop
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Figure 1. Illustration of a three-phase LV feeder.

analysis (to identify potential issues with the existing
topology) and physical site visits by a technician (to
physically inspect the infrastructure and verify the
topology). Given that site visits are time-consuming and
costly for distribution companies (e.g., a technician needs
to be scheduled, the site can be very far away, and the
inspection itself is manual), the initial desktop analysis can
help to identify key areas of concern, reducing the effort
required by a technician during a site visit. In certain cases,
this could even eliminate the need of a site visit altogether.

In terms of the desktop analysis, a voltage sensitivity-
based technique is used to identify potential issues with the
existing topology data. This technique involves analysing
the effect of a given customer’s power imports (or exports)
on other customers’ voltages, and thus identify their
relative position in a feeder. With respect to Figure 1, the
sensitivity of the last customer’s voltage due to the first
customer’s powers will be minimal as the only common
electrical path between them is the first backbone segment.
On the other hand, the sensitivity of the last customer’s
voltage due to the second last customer’s power will be
much higher due to sharing almost the entire backbone as
the common electrical path.

Step 3: Impedance Correction

The third, and final, step is to correct the conductor
impedances. This step uses the linear regression-based
algorithm proposed in [9] to estimate the impedances. This
process is done successively, starting from the head-of-
feeder, for each backbone segment and service cable. It is
worth noting that this step relies on adequate results from
the previous two steps (i.e., having validated phase
grouping and topology information).

2.3 Performance Assessment with Scattered Plots

The performance of an electrical model is assessed using a
scattered plot technique, as illustrated in Figure 2. This
assessment is carried out by comparing two sets of
voltages, namely the measured voltages (on the x-axis)
and the calculated voltages (on the y-axis). The measured
voltages are the actual values recorded by smart meters.
The calculated voltages are obtained by running power
flows using the electrical model and the powers recorded
by the smart meters.

In a perfect scenario, the measured voltages should equal
to the calculated voltages, which is depicted by the black
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line y = x. However, given that real world measurements
are inherently imperfect (attributed by noise,
synchronisation issues, etc.), the key criterion of a
satisfactory model is one that aligns well with the black
line; this is depicted by the green dots in Figure 2 where
the calculated voltages are highly correlated with the
measured voltages. On the other hand, an unsatisfactory
model is one that misaligns with the black line; this is
depicted by the red dots in Figure 2.

3. CASE STUDY

3.1 Real Feeders and Data

Two three-phase LV feeders, namely Feeder 1 and Feeder
2, in aresidential neighbourhood of Victoria, Australia are
considered in this case study. The two feeders are part of
the trial sites in Project EDGE and managed by the local
distribution company AusNet Services. Feeder 1 is
relatively larger in size, servicing 28 customers in total
(26x single-phase and 2x three-phase). Feeder 2, in
contrast, has 8 customers in total (5x single-phase and 3x
three-phase). Both feeders have a nominal supply voltage
of 400V line-to-line which means customers have a
nominal voltage of 230V line-to-neutral.

For Feeder 1, the unvalidated modelling data available
from the distribution company consists of the feeder
topology (extracted from the GIS system), partial phase
grouping information (for ~75% of all customers) and
estimated line impedances (derived from the estimated
conductor length using GIS data and manufacturers’
specifications). The same set of unvalidated data is also
available for Feeder 2, except that the existing data
contains phase grouping information for all customers.

For both feeders, three weeks of historical smart meter data
and head-of-feeder monitor data (installed on the
secondary side of the distribution transformer) are
considered. The measurements are collected per phase and
consist of voltage magnitude, active power, and reactive
power. These measurements are instantaneous readings
with five-minute resolution. Given that each phase of the
three-phase customers is independently monitored, from a
modelling perspective, they are treated as equivalent
single-phase customers.

The rest of this section will present the validation process
for each feeder as well as the key insights and learnings.
For clarity, the electrical model produced using original
data from the distribution company is termed the
unvalidated model and the final model after the validation
process is termed the validated model.

3.2 Model Validation of Feeder 1

Customer Phase Grouping. As shown in Table I, the
unvalidated model has missing phase grouping
information for 7 (out of 28) customers. This is resolved
after carrying out the Phase Grouping Identification step
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Table I. Customer phase grouping data for Feeder 1.
Unvalidated Model Validated Model

Al, Al13, Al4, A20, Al, Ad, A13, Al4, ALY,
A22, A24, A26, A28 A20, A22, A24, A26, A28
Al, A3, A8, A9, A12, Al, A3, A6, A8, A9, Al2,
Al6, A24, A15, Al6, A23, A24,
Al, A2, A5, A7, A10, Al, A2, A5, A7, A10,
Phase C Al7, Al18, A24, A25, All, Al7, A18, A21,

Phase A

Phase B

A27 A24, A25, A27
Unknown | A% A8 ALl AL5, A19, ]
A21, A23
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Figure 2. Model assessment with scattered plots.
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Figure 3. Phase grouping verification with power plots.

presented in Section 2.2, also shown in Table I. Apart from
the missing data of 7 customers, no further issue was
identified with the original data. The validity of phase
grouping information can be straightforwardly verified
using both smart meter data and head-of-feeder data. This
is shown in Figure 3 (for a 12-hour window) which
compares, per phase, the active power recorded at the
head-of-feeder and the sum of active power from all
customers. As illustrated by the time-series plot in Figure
3, the power at the head-of-feeder (solid lines) is closely
matched with the sum of customers (dashed lines), for each
phase and at all times; this confirms that the phase
grouping information of the validated model (as shown in
Table I) is indeed correct.

Feeder Topology. With the validated phase grouping
information, the next step is to produce the sensitivity
values and cross-check with the unvalidated topology. A
single-line representation of the unvalidated topology is
shown in Figure 4. The desktop-based sensitivity analysis
is explained using Al, which is one of the mistakes
identified in the original data. The sensitivity values of
customer A1 (with respect to other customers) is shown in
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Table Il. From Table Il, it can be verified that Al has
significantly higher sensitivity due to customers A4, A20,
Al4 and A26. However, this result contradicts the
topology data shown in Figure 4 where Al is shown to be
a customer near the head-of-feeder (i.e., have led to
negligible sensitivity with respect to any customer).
Consequently, this discrepancy is flagged as a potential
issue for AusNet Services to verify during a site visit. After
going through the process of both desktop analysis and site
visit, the validated topology shown in Figure 5 is obtained
(key changes are customers A1, A9, A18 and A28).

Line Impedances. With the revised phase grouping and
topology data, the Impedance Correction step in Section
2.2 is carried out to produce the full validated electrical
model. The overall changes in both positive sequence (R1
and X1) and zero sequence (R0 and X0) impedance values
are illustrated in Figure 6. Here, each block represents a
backbone segment or service line of Feeder 1 and the
accent = is used to denote the validated values. As shown
in Figure 6, the validated impedances can be several times
larger than the original, unvalidated values, with the
aggregated positive sequence resistance and reactance
increasing by 170% and 400%, respectively.

Performance Assessment. The overall performance of
the unvalidated and validated electrical models are
compared using the scattered plot introduced in Section
2.3. For benchmarking purposes, the customers with
unidentified phase groups in the unvalidated model are all
assigned to phase A. As illustrated by Figure 8, the
unvalidated model (red) showed higher discrepancies
between the measured voltages and calculated voltages
compared with the validated model (green). In contrast, the
validated model offers substantial improvement as it is
well aligned with the reference line y = x.

3.3 Model Validation of Feeder 2

The same model validation process is applied to Feeder 2.
For brevity, only key results are highlighted.

For Feeder 2, the original phase grouping and topology
data are verified to be correct. However, significant
changes are required in the line impedances. The validated
topology is shown in Figure 7 and the performance
comparison is shown in Figure 9. As illustrated by Figure
9, despite having the correct phase grouping and topology
information, extremely poor performance is still observed
for the unvalidated model (red), which is attributed by
inaccurate line impedances. On the other hand, the
performance is significantly improved with the validated
model (green).

3.4 Practical Insights and Learnings

Real world data is imperfect. The use of real-world data
introduces additional challenges due to the inherent
noise/error within these data which can be caused by
factors such as synchronization, equipment’s accuracy
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Table Il. Sensitivity analysis of customer Al.

D Sensitivity ID Sensitivity
(VIKW) (VIKW)
A24 0.01 A4 0.09
Al3 0.03 A20 0.13
Al9 0.04 Al4 0.25
A22 0.05 A26 0.27
A28 0.05
A28 0.05
A19 A6 A21  A22 A10 A24  A25
S
/] | —
A18 A28 A16  A13 A9 A7 A3 A5
A4 A8 A2 A15  A27 A26  A17
S L
— | —
A23  A20 A1 A14  A12

Figure 4. Unvalidated topology of Feeder 1.

A19 A6 A21 A22 A0 A24 A25
T o
A18 A28 A16  A13 A9 A7 A3 A5
A4 A8 A2 AI5 A27T A6 A17

I —
A23  A20 A1 A4 A2 A1

Figure 5. Validated topology of Feeder 1.

Impedance (Q)
0 0.5 1 1.5 2
R1 Mimm sl 5NN BN '  §E N 0
R1* IlirmmE Sh. - i = N
X1
X1* |
RO BN 'mW N =N =
RO* W "EE W DN .
X0 mm mnmE . m
X0* mmuinmm

Figure 6. Line impedances of Feeder 1: unvalidated (R1,
X1, RO, X0) vs validated (R1", X1*, RO, X0%).
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Figure 7. Validated topology of Feeder 2.

class, etc. To this end, the scattered plots (presented in
Section 2.3) has proven to be an extremely effective tool
as it offers quick and intuitive performance visualisations.
It is also worth highlighting that the key criterion should
be assessing the overall trend on the scattered plots (i.e.,
aligned with the line y = x), rather than specific points.

Model validation can be labour-intensive and time-
consuming. The process to produce validated electrical
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Figure 8. Performance assessment of Feeder 1:
unvalidated (red) vs validated (green).

model is non-trivial. Firstly, every site visit requires the
scheduling of an available technician, which could
introduce delays. Furthermore, the presence of
underground cables (increasingly common in urban
networks) poses further challenges as the conductors
themselves are difficult/impossible to be physically
inspected. Finally, given the conductor impedance
correction step relies on the topology information, multiple
iterations could be necessary to finalize both the topology
and the impedances.

4. CONCLUSION

An adequate electrical model is the foundation of many
applications in distribution networks. Although, to a
certain extent, data for modelling purposes do exist within
distribution companies’ databases, they are often
incomplete and erroneous. This issue is particularly
common in low-voltage (LV) residential feeders. By
exploiting the availability of smart meter data, this work
presents a three-step model validation methodology to
produce accurate, power flow-ready electrical models of
real-world LV feeders. The proposed methodology is
successfully demonstrated using real smart meter data for
two three-phase LV feeders in Victoria, Australia.
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