ENERGY FLAGSHIP

Technical report: Load and
solar modelling for the
NFTS feeders
Part of the Virtual Power Station 2, ARENA-funded project
Erin L. Oliver, Cristian Perfumo
June 2015

Copyright and disclaimer
© 2015 CSIRO To the extent permitted by law, all rights are reserved and no part of this publication
covered by copyright may be reproduced or copied in any form or by any means except with the written
permission of CSIRO.

Important disclaimer
CSIRO advises that the information contained in this publication comprises general statements based on
scientific research. The reader is advised and needs to be aware that such information may be incomplete
or unable to be used in any specific situation. No reliance or actions must therefore be made on that
information without seeking prior expert professional, scientific and technical advice. To the extent
permitted by law, CSIRO (including its employees and consultants) excludes all liability to any person for
any consequences, including but not limited to all losses, damages, costs, expenses and any other
compensation, arising directly or indirectly from using this publication (in part or in whole) and any
information or material contained in it.

Contents

1

Introduction .................................................................................................................................... 1

2

Literature Review ............................................................................................................................ 2
2.1 Defining PV Penetration........................................................................................................ 2
2.2 Voltage Rise .......................................................................................................................... 2
2.3 Line Utilisation ...................................................................................................................... 3
2.4 Extreme Power Swings.......................................................................................................... 3

3

Methodology ................................................................................................................................... 5
3.1 National Feeder Taxonomy Study (NFTS) ............................................................................. 5
3.2 PV Integration ..................................................................................................................... 21

4

Example uses of the developed models........................................................................................ 23
4.1 Representative feeders and Case variant setup ................................................................. 23
4.2 Voltage and Line Utilisation Limits...................................................................................... 26
4.3 Graphical Representation of Representative 14................................................................. 29
4.4 Weakest Node Voltage Profiles .......................................................................................... 32
4.5 Distribution Substation Transformer Loading .................................................................... 34

5

Conclusions and Future Work ....................................................................................................... 36

Shortened Forms ........................................................................................................................................ 37
References .................................................................................................................................................. 38

Technical report: Load and solar modelling for the NFTS feeders | i

Figures
Figure 1 Representative 1 topology. 33kV remote area feeder ................................................................... 7
Figure 2 Representative 2 topology. 11kV long rural with low SWER levels................................................ 7
Figure 3 Representative 3 topology. 22kV long rural feeder with high SWER levels ................................... 8
Figure 4 Representative 4 topology. 11kV short rural, moderate length, low load density, principally
residential, few commercial customers ....................................................................................................... 8
Figure 5 Representative 5 topology. 22kV rural with low SWER, mixed residential/commercial
(predominantly commercial, but with many small loads)............................................................................ 9
Figure 6 Representative 6 topology. Agricultural/small mining (agricultural loads such as irrigation
pumps or dairies) ........................................................................................................................................ 10
Figure 7 Representative 7 topology. 11kV short rural, short length, low load density, predominantly
commercial ................................................................................................................................................. 10
Figure 8 Representative 8 topology. 11kV suburban fringe feeder, principally residential customers,
though with some commercial customers ................................................................................................. 11
Figure 9 Representative 9 topology. 22kV suburban fringe feeder, principally residential, though with
some commercial customers...................................................................................................................... 12
Figure 10 Representative 10 topology. 11kV medium density residential, majority overhead, some
commercial customers ............................................................................................................................... 12
Figure 11 Representative 11 topology. 11kV medium/high density residential, majority underground,
few commercial customers ........................................................................................................................ 13
Figure 12 Representative 12 topology. 22kV medium density residential, few commercial customers ... 13
Figure 13 Representative 13 topology. 22kV industrial ............................................................................. 14
Figure 14 Representative 14 topology. 11kV medium/high density residential, majority overhead, few
commercial customers ............................................................................................................................... 14
Figure 15 Representative 15 topology. 11kV industrial ............................................................................. 15
Figure 16 Representative 16 topology. 11kV commercial ......................................................................... 15
Figure 17 Representative 17 topology. Brisbane CBD ................................................................................ 16
Figure 18 Representative 18 topology. Sydney CBD (triplex network) ...................................................... 16
Figure 19 Representative 19 topology. Melbourne CBD (part of 3-feeder mesh) ..................................... 17
Figure 20 Comparing load distribution of SGSC customers against feeder head SCADA data over 2 month
period (January – December) ..................................................................................................................... 21
Figure 21 Representative 14 Distribution Substation ID65 Load Profile for a high PV generation day (6
January) ...................................................................................................................................................... 22
Figure 23 Representative 14 visual representation of results (original penetration at 12:30) .................. 30
Figure 24 Representative 14 visual representation of results (100% penetration using 4kW PV systems at
12:30).......................................................................................................................................................... 31
Figure 25 Representative 14 visual representation of results (100% penetration using 20kW PV systems
at 12:30) ..................................................................................................................................................... 31
Figure 26 Representative 14 visual representation of results (100% penetration using 44kW PV systems
at 12:30) ..................................................................................................................................................... 32
Figure 27 Comparison of voltage at Representative 10’s node 80 as PV penetration is varied ................ 33
ii | Technical report: Load and solar modelling for the NFTS feeders

Figure 28 Comparison of voltage at Representative 11’s node 67 as PV penetration is varied ................ 33
Figure 29 Comparison of voltage at Representative 14’s node 17 as PV penetration is varied ................ 34
Figure 30 Distribution substation time spent operating above rated capacity ......................................... 35

Tables
Table 1 Summary statistics and descriptions for the taxonomy representative feeder set – part one
(source: [15]) Column shading highlights differences across representatives. Cluster is the
representative feeder; Cust is the count of customers for the representative feeder; Regs is the count of
voltage regulators for the representative; load is the approximate kVA rating of the feeder. The feeders
in bold are those that the present progress report analyses. ...................................................................... 6
Table 2 Key differences between feeders that are the focus of this progress report ............................... 23
Table 3 Different residential load data sets considered for the NFTS models ........................................... 18
Table 4 Description of variants ................................................................................................................... 24
Table 5 Simulation load flow settings......................................................................................................... 26
Table 6 Representative 10 load flow voltage and line utilisation state results.......................................... 28
Table 7 Representative 11 load flow voltage and line utilisation state results.......................................... 28
Table 8 Representative 14 load flow voltage and line utilisation state results.......................................... 29

Technical report: Load and solar modelling for the NFTS feeders | iii

iv | Technical report: Load and solar modelling for the NFTS feeders

1

Introduction

Grid-connected rooftop PV systems have become more prevalent in recent years with an average annual
growth of 23.6% [1]. The Australian Energy Market Operator (AEMO) forecasts that under a medium
growth scenario, the level of PV capacity installed in the National Electricity Market (NEM) will increase to
5,100MW by 2020 and around 12,000MW by 2031 [2]. Reasons for this growth include increasing electricity
prices, decreasing PV installation costs, and environmental concerns regarding traditional electricity
generation methods [1-3].
This increase in uptake of solar PV is seen as a serious risk of exceeding the hosting capacity of many
Australian distribution network segments. Although network topologies vary, similar challenges are being
experienced in many other parts of the world, such as the ‘sunbelt’ regions of the United States.
One of the challenges DNSPs currently face is to understand what the technical impacts of increasing PV
penetration levels are and how best to manage them. This is necessary in order to plan network
infrastructure and ensure that electricity supply standards are maintained.
From a technical perspective, deep penetration of solar PV can result in: 1) unacceptably high and
fluctuating voltages in some locations; 2) PV systems being unable to export to grid at times – wasting
available energy and revenue; and 3) restrictions being placed on penetration levels of solar PV
installations. These effects are especially pertinent within residential network segments where low daytime
energy demands exacerbate the problem.
In addition, many such residential suburbs continue to experience extremely ‘peaky’ (MW) load profiles
with decreasing annual energy throughput (MWh). This results in sub-optimal rates of network utilisation
and economic performance, again a problem common to Australia and many parts of the world.
This report presents a methodology to develop suitable network simulation models based on the National
Feeder Taxonomy Study (NFTS). These models will help researchers and DNSPs to assess the impact of PV
penetration in distribution networks in Australia and transfer lessons learned nationally.
The NFTS, which is explained in Section 3.1, was produced by CSIRO and Ausgrid as part of the Smart Grid,
Smart Cities programme. Working cooperatively with 11 distribution network service providers from across
Australia, the study produced, for the first time, a succinct and publically accessible set of representative
network models that effectively capture the diversity of Australia’s electricity distribution
networks. Drawing on data mining and clustering techniques, the resulting National Feeder Taxonomy
reveals the fundamental characteristics of electrical feeders deployed in Australia, from modern urban
underground systems through to the remote single-wire earth-return networks of rural Australia. The work
underlines the unique context of Australian electricity systems, explores regional differences in network
construction and provides a mechanism for assessing the transferability of existing trials [15].
In particular, this report describes how the models in the NFTS were extended to incorporate actual load
data rather than representative, average profiles. We present a methodology for finding representative
load and PV profiles that can be applied to all of the feeders in the NFTS. This approach enables PSS®SINCAL
(a power flow modelling software tool) simulations and study of the implications of increasing PV
penetration in the grid for every node in the feeder, which makes the NFTS models suitable for use in
assessing Australia-wide network impacts of distributed PV at different penetration levels.
In addition to describing the developed enhanced NFTS models, this report demonstrates how these
models can be used by the community upon release to assess the impact of PV penetration in the
electricity grid. As an example, we present a sensitivity analysis to determine at what level of PV
penetration voltage and line utilisation limits are exceeded.
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2

Literature Review

This section explores distribution level PV integration issues highlighted by previous research and case
studies, particularly those relating to voltage rise, line utilisation and power swings in Australia.

2.1

Defining PV Penetration

For the purposes of this report, we define penetration as the percentage of customers in a given feeder
that have PV systems installed. However, it is worth noting that there seems to be a lack of consistency in
the literature with regards to what is meant by the terms “penetration” and “high penetration” with
regards to PV. Where definitions are given, they may refer to any of the following concepts:







2.2

“Penetration” as the ratio of total peak PV real power to peak load apparent power [4]
“Penetration” as the ratio of total peak PV real power to peak load real power [5]
“Penetration” as the ratio of PV output to load at a particular point in time (whether this is real or
apparent power is not specified) [6]
“Penetration” as the ratio of total PV power to total system real power of all nominal loads (under
specific conditions: 1000W/m sun radiation and 35°C ambient temperature) [7]
“High penetration” as a situation whereby existing infrastructure is not sufficient to integrate the
(planned) PV efficiently [8]
Definitions are not provided at all in [9], and the definition in [10] is vague.

Voltage Rise

The notion that high penetration PV would cause voltage rise is plausible. If the power generated from PV is
higher than the load demand, power flow in the feeder is forced in the reverse direction (towards the
feeder head rather than the customer). To allow this current to flow, the voltage at the customer end must
be driven higher than that of the feeder head. The greater the network impedance and injected current is,
the higher the voltage must rise to meet this condition. However, the magnitude of this voltage rise, and
whether it is a problem for DNSPs, has not been clearly established in previous literature.
There have been reported cases of voltage rise relating to PV in Australia. New South Wales DNSP Essential
Energy reported that 60-70% of power quality issues in 2010-2011 were caused by over-voltage due to PV
systems. Customers experiencing inverter tripping due to over-voltage were primarily in semi-rural areas
with large PV installations (more than 5kW) [11].
The majority of case studies and simulations found on urban residential areas did not detect significant
voltage rise. A joint study between New South Wales DNSP Endeavour Energy and the University of New
South Wales analysed the Blacktown Solar Cities (an Australian government initiative) voltage data in 2011.
Voltages were recorded for one of the Blacktown case study areas where there was a 78% concentration of
1.1kW PV installations on a short, low impedance feeder. No evidence of significant voltage rise was found,
however, significant power factor drops (down to 0 at the point of back feeding) at the distribution
transformers were identified on sunny days in multiple case study areas [9]. This resulted in reduced
system efficiency but calculations were not done to quantify the impact. A basic Power World software
model of the feeder was then developed using average line impedance values to simulate the response to
higher penetrations of PV. Making no adjustment for load while increasing PV, the simulation showed that
even at 100% penetration of 1.1kW systems the voltage did not increase beyond Endeavour Energy’s
supply standards [9].
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Voltage rise beyond accepted standards was reported in the 2013 study [10], where researchers from the
University of New South Wales simulated a modified IEEE 13-bus standard network under high penetration
PV. The maximum voltage over a 24-hour simulation period was observed to be around 1.11pu at the most
sensitive node. The simulations used real grid data, real sun insolation profiles, and real customer
(industrial and residential) load profiles for Sydney. Similar results are reported in the related publication
[19] by the authors. The level of PV penetration assumed in both these studies is determined by the
maximum load at the point of connection. This assumption leads to a rather extreme situation that
produces a reversion of power flow of more than three times the load assumed without PV generation.
Internationally, in 2008 a 3-year study on the Anatolia III Residential Community in California, USA, showed
no evidence of significant voltage rise [6]. The community consisted of 115 SolarSmart homes (high
efficiency homes, each equipped with 2kW rooftop PV systems). The PV penetration level on the feeder
was estimated to be 11-13%. During peak PV times the voltage rose 0.6% and so remained well within
permitted ANSI C84.1 margins (0.95-1.05pu [12]). A software model of the area was developed to assess
the effects of higher PV penetration but due to a lack of meters and uncertainties around unknown loads it
was not verified as a valid model [6].
Several other case studies have been done on high PV penetration residential communities in Germany,
France and the Netherlands. None found any evidence of voltage rise beyond accepted margins set by
European standards (0.9-1.1pu) [10]. Moreover, in [20] it is shown via simulations that PV penetrations of
up to 50% do not cause significant problems.

2.3

Line Utilisation

Distribution networks are designed and built to withstand peak load demand. With increasing levels of PV it
is possible that currents in the network will be greater than what the cables were designed to handle. Line
utilisation limits discussed in this progress report refer to the accepted current carrying capacity of a cable
(which is dictated by DNSPs and may be some percentage of the maximum carrying capacity; for the
simulations presented in this progress report the limit is set at 95%).
In the United States in 2012, a simulation study done by the National Renewable Energy Laboratory (NREL)
aimed to determine the maximum PV penetration level that could exist without violating either voltage or
current limits [4]. 16 feeder taxonomy models were used that represent typical distribution networks in the
United States. The penetration level and distribution of PV was varied (evenly distributed, clustered near
one end of the feeder, and randomly distributed). The study showed that in two-thirds of the simulated
cases, the feeders were tolerant to penetrations of up to 90%. Penetration in this case is defined as the
ratio of total peak PV real power to peak load apparent power [4].
In 2014 researchers at Aalborg University in Denmark investigated the effects of high penetration PV on a
simulated Danish LV distribution network [5]. The aim of the study was to determine the maximum PV
penetration level that could exist without violating grid limits. The simulation results showed that when PV
was distributed evenly in the LV network, voltage rise became a problem before the current limits were
exceeded. However, when shifting the PV systems around to have a higher density at the feeder head, they
found that the current limits of the cables were exceeded before voltage rise became a problem. The
maximum penetration levels were found to be 129.6% and 205% for each of the scenarios. Here
penetration is defined as the ratio of total peak PV real power to peak load real power [5].

2.4

Extreme Power Swings

Power swings refer to real and reactive power oscillations in a network that happen as a result of a fault or
large disturbance. Because they are often low in magnitude and well-damped oscillations, a system will
usually return to a steady state quite quickly [13]. However, since they are seen by distance relays as
impedance swings, the main concern is that they can cause undesirable tripping of circuit breakers [14].
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With high penetrations of PV, power swings might be caused by sudden cloud cover (causing PV generation
to drop off dramatically) or when significant voltage rise causes PV inverters to simultaneously shut off due
to their internal over-voltage protection mechanisms (which are typically set lower than the maximum grid
voltage accepted by DNSPs).
Endeavour Energy identified PV induced extreme swings on the network of up to 140A in their simulation
of the Blacktown Solar Cities case study area mentioned above [9].
In 2012 Yan and Saha simulated a modified IEEE 13-bus standard network and found that fast fluctuations
in cloud cover caused voltage instability for PV penetrations above 40%. Here penetration is defined as the
ratio of total PV power to total system real power of all nominal loads (under specific conditions: 1000W/m
sun radiation and 35°C ambient temperature). They acknowledged that this 40% limit may vary for
different distribution networks and suggested allowing reactive power compensation of inverters to solve
the problem [7].
The load profiles in the simulations presented in this progress report are built from real data that is
measured at half-hourly intervals. At this resolution it is impossible to properly study these fast power
fluctuations and so this aspect of high penetration PV is neglected in this progress report.

4 | Technical report: Load and solar modelling for the NFTS feeders

3

Methodology

This section presents our approach to expand the NFTS with real load and PV profiles, which allows for a
realistic assessment of the impact of PV penetration in Australia. The general approach first identifies
suitable loads from a range of available data sets and it then validates that when these loads are connected
to the NFTS models, the network utilisation histograms are similar to those observed from SCADA data
logged at the feeder head. Secondly, PV generation profiles are integrated into the models.

3.1

National Feeder Taxonomy Study (NFTS)

3.1.1 REPRESENTATIVE FEEDERS
The MV feeder software models that we expand on are the set of PSS®SINCAL models made publicly
available by Ausgrid and CSIRO for the NFTS. The NFTS was carried out by working cooperatively with 11
distribution network service providers from across Australia as part of the Smart Grid, Smart Cities
programme, and it produced, for the first time, a succinct and publically accessible set of representative
network models that effectively capture the diversity of Australia’s electricity distribution networks [15].
Computational clustering techniques were employed in the NFTS to assemble 19 representative models
from real feeder data supplied by 11 DNSPs across Australia. Each representative feeder is therefore
statistically distinct in at least one characteristic from other representatives in the set. (Clustering
characteristics include length of the network, voltage, number of customers, and load per load point,
among others). The set of models consequently describes a diverse range of distribution network
topologies that are typical in an Australian setting [15]. Table 1 summarises statistics and descriptions for
the taxonomy representative feeder set (source: [15]). PSS®SINCAL model diagrams for each of these
feeders are given in Figure 1 – Figure 19.
The NFTS representative feeder models consist of the MV network level only. Therefore the simulation
results presented are, at this stage, for MV distribution networks only, and for the purpose of simulations
the LV level is modelled as a single load at each distribution substation node. The general implication of this
is that the simulation assumes the LV network is robust enough to handle higher PV penetration levels. It is
envisaged that future work will include the development and integration of an LV grid model to test this
assumption.
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Table 1 Summary statistics and descriptions for the taxonomy representative feeder set – part one (source: [15])
Column shading highlights differences across representatives. Cluster is the representative feeder; Cust is the count of customers for the representative feeder; Regs is the
count of voltage regulators for the representative; load is the approximate kVA rating of the feeder. The feeders in bold are those that are used in the case study in Section 4.
Cluster Reliability
Voltage
Classification (kV)

Load
(kVA)

Load
Cust Overhead
Points
(km)

Underground SWER
(km)
(km)
0

Total
Length
(km)
1524.4 1828.3

Load per
Load Point
(kVA)
14

Load per
Customer
(kVA)
12.8

Load
Regs Description
per km
(kVA)
2
6
33kV remote area feeder

1

Long Rural

33

3429

247

267

303.8

2

Long Rural

11

3810

570

881

468.1

0

129.8

597.9

7

4.3

6

4

11kV long rural with low SWER levels

3

Long Rural

22

7812

285

875

273.4

0

316.3

589.7

27

8.9

13

2

22kV long rural feeder with high SWER levels

4

Short Rural

11

4287

232

954

141

0.4

0

141.5

18

4.5

30

1

11kV short rural, moderate length, low load density, principally
residential, few commercial customers

5

Short Rural

22

6900

436

1511 180.7

0.9

37.3

218.9

16

4.6

32

0

22kV rural with low SWER, mixed residential/commercial (predominantly
commercial, but with many small loads)

6

Short Rural

33

6859

53

58

81.9

0

5

86.9

129

118.3

79

0

Agricultural/small mining (agricultural loads such as irrigation pumps or
dairies)

7

Short Rural

11

4287

112

524

61.1

1

0

62.1

38.3

8.2

69

0

11kV short rural, short length, low load density, predominantly commercial

8

Short Rural

11

5700

39

1464 11.5

5.2

0

16.7

146

3.9

342

0

11kV suburban fringe feeder, principally residential customers, though
with some commercial customers

9

Urban

22

11989 61

3158 14

18.6

0

32.6

197

3.8

367

0

22kV suburban fringe feeder, principally residential, though with some
commercial customers

10

Urban

11

5697

23

1073 5.7

1.8

0

7.5

248

5.3

760

0

11kV medium density residential, majority overhead, some commercial
customers

11

Urban

11

6440

15

1264 0.6

5.7

0

6.3

429

5.1

1024

0

11kV medium/high density residential, majority underground, few
commercial customers

12

Urban

22

10098 26

1285 7.9

1.7

0

9.6

388

7.9

1048

0

22kV medium density residential, few commercial customers

13

Urban

22

8975

15

140

1.5

3.6

0

5.1

598

64.1

1752

0

22kV industrial

14

Urban

11

5700

7

440

2.6

0.7

0

3.4

814

13

1684

0

11kV medium/high density residential, majority overhead, few
commercial customers

15

Urban

11

5700

11

60

2.2

2.7

0

4.9

518

95

1167

0

11kV industrial

16

Urban

11

5297

10

162

0.7

2.6

0

3.3

530

32.7

1628

0

11kV commercial

17

CBD

11

14061 9

103

0

2.2

0

2.2

1562

136.5

6386

0

Brisbane CBD

18

CBD

11

10000 12

1084 0

2.7

0

2.7

833

9.2

3752

0

Sydney CBD (triplex network)

19

CBD

11

4100

281

1.4

0

1.4

586

14.6

2943

0

Melbourne CBD (part of 3-feeder mesh)

7

0
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Figure 1 Representative 1 topology. 33kV remote area feeder

Figure 2 Representative 2 topology. 11kV long rural with low SWER levels
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Figure 3 Representative 3 topology. 22kV long rural feeder with high SWER levels

Figure 4 Representative 4 topology. 11kV short rural, moderate length, low load density, principally residential, few
commercial customers
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Figure 5 Representative 5 topology. 22kV rural with low SWER, mixed residential/commercial (predominantly
commercial, but with many small loads)
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Figure 6 Representative 6 topology. Agricultural/small mining (agricultural loads such as irrigation pumps or dairies)

Figure 7 Representative 7 topology. 11kV short rural, short length, low load density, predominantly commercial
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Figure 8 Representative 8 topology. 11kV suburban fringe feeder, principally residential customers, though with
some commercial customers
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Figure 9 Representative 9 topology. 22kV suburban fringe feeder, principally residential, though with some
commercial customers

Figure 10 Representative 10 topology. 11kV medium density residential, majority overhead, some commercial
customers
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Figure 11 Representative 11 topology. 11kV medium/high density residential, majority underground, few
commercial customers

Figure 12 Representative 12 topology. 22kV medium density residential, few commercial customers
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Figure 13 Representative 13 topology. 22kV industrial

Figure 14 Representative 14 topology. 11kV medium/high density residential, majority overhead, few commercial
customers
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Figure 15 Representative 15 topology. 11kV industrial

Figure 16 Representative 16 topology. 11kV commercial
Technical report: Load and solar modelling for the NFTS feeders | 15

Figure 17 Representative 17 topology. Brisbane CBD

Figure 18 Representative 18 topology. Sydney CBD (triplex network)
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Figure 19 Representative 19 topology. Melbourne CBD (part of 3-feeder mesh)

3.1.2 DISTRIBUTION SUBSTATION LOAD PROFILES
As discussed in 3.1.1, the LV level in each of the simulations presented in this report is modelled as a single
load at each distribution substation node. The distribution substation load profiles included with the
original NFTS representative feeder models are indicative profiles generated to match the feeder head
SCADA measurements provided by DNSPs. These profiles are partly missing for Representative 2 and
entirely unavailable for Representative 6.
The SCADA-matched load profiles were built to represent the typical behaviour (load curve shape and peak
loading levels) expected from each feeder based on its clustering characteristics. There are nine profiles for
each distribution substation included with the NFTS (industrial, commercial or residential, and one of each
for winter, summer and shoulder season). These are scaled up or down depending on the number of
customers per transformer. This scaling cannot capture the aggregation effect whereby more customers in
a transformer equals a smoother profile. The results of simulations using these profiles cannot therefore be
considered realistic, which is one of the main motivations for the expansion of the models described in this
report.
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3.1.3 PUBLICLY AVAILABLE LOAD DATA SETS
In the models developed for this project, the existing NFTS load profiles were replaced with profiles
developed using real customer load data. The purpose of this was to overcome the limitations of the
existing NFTS profiles identified in 3.1.2 and keep the models as realistic as possible.
Three candidate datasets of Australian residential customers were initially considered for this: Reward
Based Tariff (RBT), Residential Building Energy Efficiency Study (RBEES) and Smart Grid Smart City (SGSC).
The main characteristics of these data sets are shown in Table 2.
Table 2 Different residential load data sets considered for the NFTS models

Dataset

Measurements

Sampling
time

Data
length

Demographics
info

Location

Number of
customers/
houses

RBT
(Energex
and Ergon)

Avg. Power

30 min

2 years

Occupants, type of
dwelling, number
of bedrooms,
income, air
conditioning
(yes/no), electric
hot water (yes/no)

Brisbane

504

30 min

1.5
years

Household energy
efficiency attitudes.
Construction year.
Size. Number of
occupants.
Occupancy pattern.

Melbourne,
Brisbane and
Adelaide

209 (1/3
from each
location)

30min

3 years

Region name,
Local Council
Demographic Cell
(reference to ABS 3
digit demographic
codes), Metro
(yes/no), Income,
Climate, Dwelling
type, Gas usage
group, Electricity
usage group,
PV (yes/no)

Sydney,
Newcastle,
Gosford,
Cessnock, Lake
Macquarie,
Maitland,
Muswellbrook,
Port Stephens

~7000 total
(~4000 with
complete
data)

Avg. Power
(controlled load)
PV average power

RBEES
(CSIRO)

SGSC
Customer
Loads

Energy. 8 circuits:
air conditioning,
oven, lights, hot
water, general
power, PV
average power.
Inside and
outside
temperature,
outside dew
point.
Energy
consumed,
Energy
generated,
Net energy
consumed
(depending on
meter used at the
household).
Consumption
(actual and
expected) during
peak power
events.

3.1.4 SELECTED LOAD DATA SETS
The three data sets summarised in 3.1.3 seem adequate in terms of measurements, sampling time and data
length. However, the number of customers in the RBT and RBEES data sets is insufficient when compared to
the number of customers required for each of the residential feeders in Table 1. Thus, using RBT or RBEES
data on these feeders would thus require customer replication, which might affect how realistic the results
are. The SGSC data set, on the other hand, contains data from enough households to avoid customer
duplication within most feeders. Therefore the load profiles in the SGSC data set were chosen for our
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models (note however that the methodology presented in Section 3.1.5 can be applied to any load data
set).
The SGSC dataset includes 3 years’ worth of energy consumption data (samples taken at half-hourly
intervals) for a total of more than 7000 customers. The pool of customers was reduced to around 4000
after disregarding those with incomplete data (those who dropped out of the trials, didn’t join until late or
had samples missing for other reasons).

3.1.5 SELECTED CUSTOMERS
The LV level in the simulations presented in this report is modelled as a single load at each distribution
substation. To achieve this, selected SGSC customers were mapped to distribution substations and their
profiles aggregated to construct the required load profiles. This subsection details the approach taken to
both allocate customers to distribution substations and to verify that those allocations were sensible.
The aim for each feeder was to allocate customers such that the aggregate feeder head profile remained
statistically similar to the original feeder head SCADA profiles provided by the NFTS. This would verify that
the selection of customers was appropriate for a given feeder. That the profiles were similar was
determined by plotting a histogram for each representative feeder to visually compare the aggregate
distribution of load over 2 summer months (December 2012 – January 2013). At this point Representatives
9 and 12 were neglected due to irregular and missing SCADA measurements. For Representative 4, to aid
comparison, half-hourly SCADA data was interpolated from hourly measurements. For Representatives 10,
11 and 14, adequate half-hourly measurements were available.
The steps taken to roughly optimise the allocation of customers to each distribution substation was as
follows:
1. SGSC customers were ranked by their average load
2. Distribution substation transformers were ranked by their average per-customer load (data to
calculate this is provided in the NFTS supporting materials)
3. Customers were allocated to distribution substation transformers by:
a. Sequentially assigning customers to larger transformers first, starting with customers using
the highest average load
b. Sequentially assigning customers to smaller transformers first, starting with customers
using the smallest average load
4. Customer profiles were aggregated and a histogram was plotted to compare the distribution of
load from 3(a) and 3(b) against the feeder head SCADA profiles.
5. Histograms for each of 3(a) and 3(b) were compared to determine the closest match, if any
In all cases the number of customers grouped at each distribution substation transformer was consistent
with the data provided by DNSPs in the NFTS supporting materials. For Representatives 8 and 14, the
closest SCADA profile match (by visual inspection) was produced by method 3(a) outlined above. For
Representatives 4, 10 and 11 the customers were best matched by method 3(b) but were further refined by
neglecting the 1000 customers with the lowest average load.
The histogram comparing the distribution of load with the SCADA profile for each feeder is shown in Figure
20. These histograms show that the selection of customers for Representatives 4, 10, 11 and 14 were
matched satisfactorily. Representative 8 could not be well-matched, and improvement without customer
duplication would require customers with a higher average load than what is available in the SGSC or RBT
datasets. If more load data does not becomes available, a scaling factor for the loads in Representative 8
will be considered to match its SCADA histogram.
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Figure 20 Comparing load distribution of SGSC customers against feeder head SCADA data over 2 month period
(January – December)

3.2

PV Integration

100% PV customer penetration (all customers having PV installed) was modelled by integrating Sydney PV
profiles generated by PVWatts® with customer load profiles. PVWatts® is an online PV profile calculator
developed by the NREL which generates profiles based on location and insolation data from the following
databases [16]:




Solar and Wind Energy Resource Assessment Programme (SWERA)
The ASHRAE International Weather for Energy Calculations Version 1.1 (IWEC)
Canadian Weather for Energy Calculations (CWEC)

For the simulations outlined in this report, profiles were generated using the following default PVWatts®
input settings:



Sydney location
4kW system size
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Fixed (open rack) array type
14% system losses
20° tilt
0° azimuth (North facing)
96% inverter efficiency
1.1 DC to AC size ratio
0.4 ground coverage ratio

PVWatts® provides 1 year of PV data at a resolution of one sample per hour. Half-hourly data points were
interpolated and integrated with each customer profile by making load adjustments for each half hour
sample. Negative load points therefore represent situations where power is exported to the grid. PVWatts®
data was not given to customers where PV data was supplied in the SGSC dataset (less than 1.4% of the
reduced pool of around 4000 customers). The SGSC PV data was used for those customers. In this report,
the phrase “100% penetration using 4kW systems” (and similar) refers to a situation where 100% of the
customers have PV installed, and those without SGSC PV data are supplied with 4kW PVWatts® profiles.
To explore the effects of larger PV systems, PV data was scaled up by multiplying each data point by some
factor. For example, an 8kW system profile was calculated by multiplying each of the default 4kW
PVWatts® data points by 2. This can be done because there is a linear relationship between PV generation
and system size. For those customers with existing SGSC PV data, each data point was multiplied by the
same factor.
Figure 21 outlines the daily load profile for one particular distribution substation in Representative Feeder
14 under both the original PV penetration level and 100% penetration using 4kW systems for customers
without SGSC PV data.

Representative 14 Distribution Substation ID65 Load Profile
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Figure 21 Representative 14 Distribution Substation ID65 Load Profile for a high PV generation day (6 January)
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4

Example uses of the developed models

This section presents an example of how the enhanced NFTS models developed in the VPS 2 project can be
utilised to assess the impact of PV penetration in Australian networks. The presented example identifies the
minimum PV penetration level where voltage, line utilisation, and transformer loading limits are exceeded
for a variety of typical MV feeder topologies. Load flow simulations using the load flow modelling tool
PSS®SINCAL were run to identify at what PV level voltage and line utilisation limits were exceeded. Finally,
power flows were compared to the distribution substation transformer ratings to determine whether
transformers were overloaded during times of high PV generation (transformer ratings for this are provided
in the NFTS supporting materials).

4.1

Representative feeders and Case variant setup

4.1.1 SELECTED REPRESENTATIVE FEEDERS
This section focuses on a subset of the representative feeders in the NFTS (Representatives 4, 10, 11 and
14; differentiating features of these feeders are summarised in Table 3).
These feeders were selected for two reasons. Firstly, they are classed by the NFTS as being predominantly
residential, and at this stage the available customer datasets are mainly residential. Secondly, the matching
of customer load profiles with these four feeders was successful. The reasons for excluding other
residential feeders (Representatives 8, 9 and 12) is described in 3.1.4.
It is expected that the steps outlined in this report will be replicated for commercial and/or industrial
feeders as the relevant customer data becomes available from our project partner Ergon.

Table 3 Key differences between feeders that are the focus of this progress report
REPRESENTATIVE
FEEDER

RELIABILITY
CLASSIFICATION

NUMBER
OF CUST.

LOAD (KVA)

LOAD PER
CUST. (KVA)

LOAD PER
LOAD POINT
(KVA)

LOAD PER KM
(KVA)

TOTAL
LENGTH (KM)

4

Short Rural

954

4287

4.5

18

30

141.5

10

Urban

1073

5697

5.3

248

760

7.5

11

Urban

1264

6440

5.1

429

1024

6.3

14

Urban

440

5700

13

814

1684

3.4

4.1.2 CASE VARIANT SETUP
Distribution substation daily load profiles (48 half-hourly load points) were added to the PSS®SINCAL feeder
models. The day selected for these profiles was the peak PV generation day (January 6) in the already
refined data period (2 summer months, December 2012 – January 2013).
A power factor of 0.9 (lagging) was assumed for all loads to calculate the real and reactive power
components. This was taken to be an appropriate value for residential loads based on reports from the
Australian Building Codes Board (ABCB) [17] and Energy Australia [18].
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Case studies for different levels of PV penetration and system size were developed and stored as different
model variants using PSS®SINCAL’s variant management tool. The 14 variants outlined in Table 4 were
simulated for Representatives 10, 11 and 14. Simulations for Representative 4 could not be performed due
to PSS®SINCAL licensing limitations regarding the number of nodes in the network.
Table 4 Description of variants
PSS®SINCAL
VARIANT #

CUSTOMER BASE

PV PENETRATION

PV SYSTEM SIZE PER
CUSTOMER

1

NFTS (unmodified
profiles)

--

--

2

SGSC

Original

Original

3

SGSC

Original

Original x 2

4

SGSC

100% using PVWatts®

4kW

5

SGSC

100% using PVWatts®

5kW

6

SGSC

100% using PVWatts®

6kW

7

SGSC

100% using PVWatts®

7kW

8

SGSC

100% using PVWatts®

8kW

9

SGSC

100% using PVWatts®

12kW

10

SGSC

100% using PVWatts®

16kW

11

SGSC

100% using PVWatts®

20kW

12

SGSC

100% using PVWatts®

40kW

13

SGSC

100% using PVWatts®

44kW

14

SGSC

100% using PVWatts®

48kW

It is apparent from Table 4 that unrealistically large PV system sizes were included in the analysis. This was
done with the sole purpose of assessing at what point voltage and line utilisation limits are exceeded in a
given feeder. Performance was assessed for each variant by running a load flow analysis on each and
comparing the voltage and line utilisation to their respective limits. Acceptable voltages are within 0.9 – 1.1
pu and the maximum line utilisation is set at 95% (these settings are unchanged from original NFTS feeder
models).

4.1.3 VOLTAGE REGULATION AND OTHER CONTROL MECHANISMS IN SINCAL
PSS®SINCAL offers a variety of voltage regulation and other control mechanisms that are implemented
during simulations. For the simulations presented in this report these control settings are unchanged from
the original NFTS models.
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Table 5 outlines the load flow flow controller settings used for each of the representative feeders.
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Table 5 Simulation load flow settings
REPRESENTATIVE

TRANSFORMER TAP
CHANGER

SHUNT TAP
CHANGER

LOAD SHEDDING

GENERATOR
CONTROLLING

AREA INTERCHANGE

4

Not activated

Not activated

Activated

Not activated

Activated

10

Not activated

Not activated

Activated

Not activated

Activated

11

Not activated

Not activated

Activated

Not activated

Activated

14

Activated

Not activated

Activated

Not activated

Activated

Variable tap changing controllers were enabled on each of the two 33/11 kV distribution transformers in
Representative 14 (see feeder topology in 3.1.1). Tap changers allow the number of turns in a transformer
to be varied in pre-defined discrete steps (positions) in order to regulate the output voltage. This is done to
maintain node voltages within prescribed limits. The tap settings used in the simulations presented in this
report are as follows:






Minimum tap position: -14.0
Main tap position: 0
Maximum tap position: 7
Additional voltage per tap: 1.5%
Phase shift per tap: 0°

Load shedding is enabled on each representative feeder and refers to the intentional shutdown of low
priority loads if a situation occurs where inadequate power can be delivered. This is typically done as a last
resort to prevent a total blackout in the network.

4.2

Voltage and Line Utilisation Limits
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Table 6,

Table 7 and Table 8 below outline the load flow voltage and line utilisation state results for each feeder
simulated under varying PV penetration levels. These tables show that unless household PV installation
sizes are unrealistically large, line power utilisation and voltage limits are not exceeded (100% PV
penetration of 7 kW systems is the lowest penetration level that causes issues in any of the simulated
feeders). This is consistent with the results reported by [9] and [6] (discussed in the literature review).
These tables show that each of the three simulated representative feeders are more resilient to voltage rise
compared to power flows exceeding line utilisation limits. This observation was not made (in support or
against) by any studies found in the literature review. Additionally, these tables show that as the PV level is
increased, the period of time that the voltage and line utilisation limits are exceeded also increases. This is
the expected response given the shape of a typical PV generation curve. The curve peaks in the middle of
the day (when sun insolation is at a maximum) and then generation declines on either side approaching
early morning and evening. The times that voltage limits are exceeded is discussed in further detail in 4.4.
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Table 6 Representative 10 load flow voltage and line utilisation state results
PSS®SINCAL
VARIANT #

PV PENETRATION
(SYSTEM SIZE PER
CUST.)

VOLTAGE STATE

PERIOD OF DAY
VOLTAGE LIMIT
EXCEEDED

LINE UTILISATION
STATE

PERIOD OF DAY LINE
UTILISATION LIMIT
EXCEEDED

1

--

OK

--

OK

--

2

Original

OK

--

OK

--

3

Original (x 2)

OK

--

OK

--

4

100% (4kW)

OK

--

OK

--

5

100% (5kW)

OK

--

OK

--

6

100% (6kW)

OK

--

OK

--

7

100% (7kW)

OK

--

Limit reached

11:00 – 11:30

8

100% (8kW)

OK

--

Limit reached

10:00 – 13:30

9

100% (12kW)

OK

--

Limit reached

08:00 – 14:30

10

100% (16kW)

Limit reached

09:00 – 13:30

Limit reached

08:00 – 15:30

11

100% (20kW)

Limit reached

09:00 – 14:30

Limit reached

07:00 – 16:30

12

100% (40kW)

Limit reached

07:00 – 16:30

Limit reached

07:00 – 16:30

13

100% (44kW)

Limit reached

07:00 – 16:30

Limit reached

06:00 – 17:30

14

100% (48kW)

Limit reached

07:00 – 16:30

Limit reached

06:00 – 17:30

Table 7 Representative 11 load flow voltage and line utilisation state results
PSS®SINCAL
VARIANT #

PV PENETRATION
(SYSTEM SIZE PER
CUST.)

VOLTAGE STATE

PERIOD OF DAY
VOLTAGE LIMIT
EXCEEDED

LINE UTILISATION
STATE

PERIOD OF DAY LINE
UTILISATION LIMIT
EXCEEDED

1

--

OK

--

OK

--

2

Original

OK

--

OK

--

3

Original (x 2)

OK

--

OK

--

4

100% (4kW)

OK

--

OK

--

5

100% (5kW)

OK

--

OK

--

6

100% (6kW)

OK

--

OK

--

7

100% (7kW)

OK

--

Limit reached

10:00 – 12:30

8

100% (8kW)

OK

--

Limit reached

09:00 – 13:30

9

100% (12kW)

OK

--

Limit reached

08:00 – 15:30

10

100% (16kW)

OK

--

Limit reached

07:00 – 15:30

11

100% (20kW)

OK

--

Limit reached

07:00 – 16:30

12

100% (40kW)

Limit reached

09:00 – 14:30

Limit reached

06:00 – 17:30

13

100% (44kW)

Limit reached

08:00 – 14:30

Limit reached

06:00 – 17:30

14

100% (48kW)

Limit reached

08:00 – 14:30

Limit reached

06:00 – 17:30
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Table 8 Representative 14 load flow voltage and line utilisation state results
PSS®SINCAL
VARIANT #

PV PENETRATION
(SYSTEM SIZE PER
CUST.)

VOLTAGE STATE

PERIOD OF DAY
VOLTAGE LIMIT
EXCEEDED

LINE UTILISATION
STATE

PERIOD OF DAY LINE
UTILISATION LIMIT
EXCEEDED

1

--

OK

--

OK

--

2

Original

OK

--

OK

--

3

Original (x 2)

OK

--

OK

--

4

100% (4kW)

OK

--

OK

--

5

100% (5kW)

OK

--

OK

--

6

100% (6kW)

OK

--

OK

--

7

100% (7kW)

OK

--

OK

--

8

100% (8kW)

OK

--

OK

--

9

100% (12kW)

OK

--

OK

--

10

100% (16kW)

OK

--

OK

--

11

100% (20kW)

OK

--

Limit reached

10:00 – 12:30

12

100% (40kW)

OK

--

Limit reached

08:00 – 15:30

13

100% (44kW)

Limit reached

11:00 – 12:30

Limit reached

08:00 – 15:30

14

100% (48kW)

Limit reached

10:00 – 12:30

Limit reached

07:00 – 15:30

4.3

Graphical Representation of Representative 14

The graphs below (Figure 22, Figure 23, Figure 24, and Figure 25) give a visual representation of
Representative 14 under select PV penetration levels. These graphs reveal which sections of the network
are most affected by increasing PV at the peak PV time of day (12:30). Arrows along the lines represent the
direction of power flow. Lines and elements (loads, nodes, etc.) are colour coded depending on whether
utilisation limits have been exceeded (green – within limits, red – limit reached or exceeded). Node
voltages are represented by the heat map using a scale from 1pu (blue) to 1.1pu (red).
At the original PV penetration level (Figure 22), voltage and line utilisation levels are within limits and
power flows are in the traditional direction: from the feeder head towards the consumer. This is contrasted
against the 100% 4kW situation (Figure 23) where voltage and line utilisation levels are within limits but
power flows are reversed. This represents a tipping point where the power generated from PV exceeds the
load demand and power starts flowing towards the feeder head.
It is only in the extreme 100% 20kW situation (Figure 24) that we start to see enough power generated
from PV that the line utilisation limits nearest the feeder head are exceeded. This is because the magnitude
of the current flowing through this branch is increased with high power PV above that of the normal load
demand that the feeder was built to withstand. Node voltages in this case still remain within the specified
margins.
When power flows in reverse, the node voltages at the consumer end are driven above that of the feeder
head in order to allow the current to flow. Because the network impedance is generally higher for nodes
furthest from the feeder head, it is expected that these nodes would experience the greatest voltage rise.
This can be observed in the 100% 44kW situation (Figure 25) where the maximum voltage due to high PV
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was observed at Node 17 which is the node furthest from the feeder head. At this level of PV line utilisation
issues are more widespread throughout the feeder than in the 100% 20kW case.

Figure 22 Representative 14 visual representation of results (original penetration at 12:30)
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Figure 23 Representative 14 visual representation of results (100% penetration using 4kW PV systems at 12:30)

Figure 24 Representative 14 visual representation of results (100% penetration using 20kW PV systems at 12:30)
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Figure 25 Representative 14 visual representation of results (100% penetration using 44kW PV systems at 12:30)

4.4

Weakest Node Voltage Profiles

Figure 26, Figure 27 and Figure 28 below reveal how different PV levels affect the voltage at the weakest
node in each representative feeder over the 24-hour simulation period. Here the weakest node in a feeder
refers to the node most susceptible to voltage rise (the node where the greatest voltage rise was
observed). As expected, there is greater voltage variation in the middle of the day. This is not only because
at this time there is more PV generation to export to the grid, but also because the load demand of
residential customers is normally relatively small during the early afternoon. The mismatch of peak PV
generation against peak load demand means that a reverse power flow situation is more likely to occur in
the middle of the day.
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Representative 10 Node 80 Voltage Profile
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Figure 26 Comparison of voltage at Representative 10’s node 80 as PV penetration is varied

Representative 11 Node 67 Voltage Profile
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Figure 27 Comparison of voltage at Representative 11’s node 67 as PV penetration is varied
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Representative 14 Node 17 Voltage Profile
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Figure 28 Comparison of voltage at Representative 14’s node 17 as PV penetration is varied

4.5

Distribution Substation Transformer Loading

The simulations described above do not factor in the rated capacity of each distribution substation
transformer (the transformers are not modelled in the simulations). A comparison was done of each
transformer’s load profile against its rating to determine whether the ratings had been exceeded for each
PV level. Figure 29 below outlines the percentage of time the transformers in each of Representatives 4, 10,
11 and 14 spend operating above their rated capacity. These graphs give an indication of the number of
transformers that may need to be replaced with larger ones to increase the PV carrying capacity of a
network, and it could also be indicative of the shortening of transformer life or increase in maintenance
due to overloading. For 100% penetration of 2kW systems, no transformers are overloaded in any of the
simulated feeders.
(a)
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Percentage of transformers
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Figure 29 Distribution substation time spent operating above rated capacity
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Conclusions and Future Work

A set of loads and PV profiles has been identified for NFTS feeders, and the PSS®SINCAL models have been
expanded to incorporate these loads. The models are ready to be used for analysis of impact of PV
penetration (in terms of both voltage and power).
A demonstration of this analysis is included in this report. Simulations of several NFTS residential feeders
show that node voltages and line utilisation levels remain within specified margins unless household PV
systems are unrealistically large (7kW or more for Representatives 10 and 11, and 20kW or more for
Representative 14). However, with 100% penetration of 4-6kW or more (depending on the feeder), the high
power generated by PV was shown to exceed the capacity rating of some distribution substation
transformers. Future work will include repeating the steps outlined in this report for other representative
feeders to identify possible issues with different feeder topologies.
Long rural and remote feeders (Representatives 1-3) may be of particular interest. Representative 3 is
much longer than any of the feeders simulated in this study and also has a higher load. Since voltage rise is
proportional to both line impedance and the current injected from PV, it is possible that a feeder of these
characteristics may experience voltage issues when modelling more realistic PV system sizes.
Additionally, the MV distribution model used throughout this report may conceal problems relating to PV at
the LV level. Future work for this project is expected to involve development and integration of a suitable
LV model to test this.
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Shortened Forms

AEMO -

Australian Energy Market Operator

SGSC

Smart Grid Smart City

-

CSIRO -

Commonwealth Scientific and Industrial Research Organisation

DNSP

-

Distribution Network Service Provider

IEEE

-

Institute of Electrical and Electronics Engineers

LV

-

Low Voltage

NEM

-

National Electricity Market

MV

-

Medium Voltage

NFTS

-

National Feeder Taxonomy Study

PV

-

Photovoltaic

SCADA -

Supervisory Control and Data Acquisition
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