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Significant growth in PV penetration worldwide has introduced intriguing challenges for power utilities and
consumers alike. This include financial losses resulting from overvoltage-induced PV curtailment during times of
high PV generation. This paper examines these issues by first developing a methodical approach to quantify the
impacts of PV penetration in terms of reverse power flow, overvoltage and undervoltage events. A real distri-
bution feeder in South Australia is analysed against various PV penetration levels. The simulation model
developed utilises residential load profile of South Australia and voltage regulation limits of the feeder and the
inverter as set by the Australian standard. Results show that increase in PV penetration reduces the instances of
undervoltage, however the instances of overvoltage increase substantially. The latter leads to inverter shutdowns
when the voltage exceeds the nominal maximum voltage of the inverters. Maximum possible PV generation loss
due to inverter shutdown is evaluated and some recommended solutions are presented. The financial loss due to
PV curtailment has been estimated from different perspectives, namely, using feed-in-tariff, retail price and the
pool price (market price). In the context of rapidly evolving regulatory frameworks and financial models for
renewable energy, power utilities will need to take these financial losses into account when conducting cost-
benefit analysis for possible network upgrades for increasing the PV hosting capacity of the network.

Australia (SA) has a good proportion of rooftop solar, which has
increased from a negligible penetration level of less than 20 MW in 2009
to an installed capacity of 989 MW at the end of 2018 as depicted in

1. Introduction

Growing energy demand, depleting fossil fuel reserves and the global

concern for increasing greenhouse gas emissions have encouraged the
use of renewable energy sources such as solar photovoltaic (PV) and
wind for electricity production. The falling price of PVs and its suit-
ability for residential application have made it the prime choice as green
energy solution. Globally, PV systems are the fastest growing power
generation source [1]. In Australia, more than 20% of homes have
installed rooftop solar PV systems and are expected to increase in future
[2]. Capacity wise, more than 8.48 GW of small-scale PV systems have
been installed cumulatively by March 2019, which is 2.3 times the total
cumulative PV installation up to the year 2014 [3,4]. State wise, South

Fig. 1 [5-7]. The average installation size of a rooftop PV system in SA
has increased significantly (see Fig. 2). More than 31.2% of dwellings in
SA now have rooftop PV systems installed [8]. The reason for this high
penetration at low voltage side (distribution side) is the initial generous
government subsidies in the form of rebates on the cost of PV system
installation, Renewable Energy Certificates that can be sold for cash,
attractive distributor feed-in-tariffs and increasing electricity retail pri-
ces [9-11]. According to the Commonwealth Scientific and Industrial
Research Organization (CSIRO), this uptake is expected to increase
massively in the future [12].
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Fig. 1. Number of small-scale PV installations in SA and cumulative capacity
[3,6].

With the numerous advantages of solar PV systems listed above,
there are some challenges. For example, too much export of PV energy to
the grid during low demand periods can cause some operational issues in
the power system [13]. These include reverse power flow, increase in
power loss, voltage fluctuations and frequent operation of protective
devices [14,15]. In particular, overvoltage is a serious problem in small
residential areas sharing a distribution transformer [16]. Prolonged
periods of overvoltage can decrease the life span of household electronic
appliances [17]. It may cause frequent operation of on-load tap changers
(OLTC) and line voltage regulators, which can shorten the life expec-
tancy of these equipment [4]. If overvoltage persists for a long time,
there are high chances of violating the regulatory voltage rise limits,
which can result in inverter output reduction or disconnection and thus
loss of PV generation (PV curtailment) [18]. Moreover, the overvoltage
issue decreases the PV system efficiency by limiting its active power
injection into the low voltage (LV) lines. To mitigate the issues arising
from high PV penetration, many utilities have implemented export
limits and reduced feed-in-tariffs (FIT) to much lower levels. Despite
these restrictions, as per [19], PV system sizes have continued to in-
crease and are likely to impact distribution systems significantly. Un-
derstanding these impacts will be critical for the operation, control and
management of distribution systems with high PV penetration. A few
studies have been reported on the impact of PV penetration. From these
studies three definitions of PV penetration are found based on (1)
available generation (dwelling penetration) [20,21], (2) system peak
load [22] and (3) amount of energy served [23]. The study presented in
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Fig. 2. Average rooftop PV size in South Australia [3,6].
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this paper has used the latter definition of PV penetration (also known as
energy penetration). Very few research work have been reported so far
based on energy penetration. The work presented in Ref. [23] analysed
the IEEE 13-node test feeder under Brazilian electricity regulation. It has
considered power factor control through PV inverters to limit the
voltage at the point of common coupling (PCC). However, this type of
control can result in the loss of active power, put stress on the inverters
and consequently warrant larger inverter size [24]. In addition, power
factor control is not very effective for regulating voltage on distribution
feeders with high R/X ratio branches [25,26]. While PV inverters have
the ability to supply or absorb reactive power, the Australian Standard
(AS4777.2) that governs grid connection of energy systems via inverters
[27] has required reactive power modes to be disabled by default.
Consequently, this mode is disabled in the majority of the inverters
installed in South Australia. Some power utilities have commenced
enabling this mode in inverters installed only since December 2017
[28]. However, the number of such inverters is still very low. Therefore,
PV inverter-based reactive power control is not considered in this study.

As for studies on real LV feeders, a few research were conducted
previously to find out the impacts of high PV penetration. Most of these
studies are focussed on the influence of high PV penetration on voltage
profile and distribution loss [29,30]. They have highlighted the need for
a smarter grid to effectively monitor these effects across the network so
that mitigation strategies can be implemented [11]. In another study
[31], the roles of feeder impedance, feeder length and transformer short
circuit resistance in the determination of voltage rise were quantified.
However, none of these works have studied the extent of voltage vio-
lations on real distribution feeders and the consequent PV generation
loss and economic impact. Other literature [32-34] have discussed how
OLTGC, PV inverters and battery could control voltage by changing taps,
varying power factor and storing energy respectively. The technical
benefits of these strategies are listed; however, the financial benefits
have not been determined. A cost-benefit analysis using voltage control
strategies (OLTC and PV inverters) was carried out for few German low
voltage grid [35-37]. This study is based on the local Renewable Energy
Act according to which the export of power from residential-scale PV
systems to the grid is restricted to 70% of their installed module ca-
pacity. Other reasons which make the studies carried out in Europe and
USA not directly applicable to the Australian context [38] include the
following:

e Australia has very different geographical conditions with less
densely populated areas [39] and has different weather patterns.

e It has higher solar generation than any other country due to its
higher radiation levels [40].

e Australian rural and remote distribution feeders have different
characteristics such as higher impedance than the European feeders
[40,41].

Limited researches are available on the impacts of high PV pene-
tration in the Australian context [42-44]. They are conducted on
grid-connected as well as isolated LV feeders, however none of them
have discussed the techno-economic analysis of the PV generation loss
due to inverter shutdowns. The Australian power utilities need to know
the extent of PV generation loss and consequent economic impact due to
high PV penetration to assist with planning and network capacity up-
grades. As stated in SA Power Networks’ latest “Regulatory Proposal
2020-2025” [45], cost-benefit analysis need to be performed when
planning network upgrades to support additional PV hosting capacity.
Currently, comprehensive information on voltage violations and PV
generation loss aren’t available from the network as it does not have
automatic network-wide measurement provisions, i.e. a smart grid. To
the best of our knowledge, detailed study on the extent of PV curtailment
in Australian grids due to overvoltages and its economic impact have not
been reported in literature either. These are vital information for the
utilities to make decisions about costly network upgrades to
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accommodate more PV systems in the grid.

This study aims to fill the above gaps by studying the impacts of high
PV penetration on an actual distribution feeder in South Australia. To
the best of our knowledge, this is the first time a study of PV generation
loss and consequent economic cost due to overvoltage has been per-
formed on an Australian distribution feeder. The study models and an-
alyses the distribution feeder to quantify impacts such as reverse power
flow, overvoltage and voltage violation instances. This research pro-
poses methods to determine the maximum possible PV generation loss
(PV curtailment) and the consequent financial loss due to high PV
penetration. Potential solutions to address the overvoltage problem are
briefly discussed in the last section. As previously stated, cost-benefit
analysis is performed when planning network upgrades to support
additional PV hosting capacity [45]. The work presented in this paper
will further enhance the process by enabling the estimation of costs
associated with PV generation loss.

2. Distribution feeder

An actual 11 kV distribution feeder in South Australia, operated by
the SA Power Networks, is analysed. The feeder is supplied by a 66/11
kV substation transformer. The single line diagram of the feeder is given
in Fig. 3. It comprises of six buses (0-5) and 5 line/cable sections in
between the buses. Bus 0 is the 11 kV root or source bus. The other buses
supply consumer loads via step-down transformers which transfer the
11 kV feeder voltage to the distribution voltage of 250 V (1.087 p.u on a
230 V base). There are 2 overhead (OH) lines, one between buses 1 & 2
and the second between buses 3 & 4. All the remaining lines are made up
of underground (UG) cables. For UG cables, shunt admittance is
included in the power flow analysis.

The load distribution of the feeder is shown in Fig. 4. Clearly, most of
the load is served by buses 3 and 4. At present, the feeder has a total of
2570 kW of PV systems connected and the measured annual net energy
consumption of the feeder is 16.11 GWh. The mean, maximum and
minimum real load at the source node of the feeder is 1.84 MW, 6.97
MW and —0.50 MW respectively. Note that the negative load is a
consequence of power injection into the grid from PV generation. An on-
load tap changer (OLTC) and a shunt capacitor are installed on the high
voltage (HV) side of the substation transformer to maintain the voltage
of bus 0 at 1.087 p.u. Half-hourly load data of each bus for the year 2018
is used during the analysis. Uniform PV penetration is assumed along
with the prevailing regulatory limits imposed on the feeder and inverter
voltages.

2.1. Load profile

The measured load profile obtained at the feeding node (sending
end) of the feeder is not an actual load profile of the system but is a net
system load profile due to the presence of PV systems. Mathematically, it
can be expressed as:

EY=E} - Ep @

Substation
Transformer 0 1

66/11 kV | |
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Fig. 4. Load distribution of the 11 kV feeder.

where, EY and E# represent the annual net and actual load energy of the
system respectively. Ep is the annual energy produced by the PV sys-
tems. For a given annual net load energy and PV generated energy, the
actual annual load energy of the system can be calculated using (1).

Hourly PV generation data are available from the Renewables ninja
website [46]. To match the half-hourly interval of the load profile data
given for the feeder, half-hourly PV generation data was calculated from
the hourly data by taking the average of consecutive hourly values.
Fig. 5 shows the half-hourly PV generation profile of a 1 kW, PV system
for a region of South Australia (SA) in the year 2018. 5% inverter loss
and 35° tilt angle are considered in this output.

The estimated average PV generation of a 1 kW, PV system in SA is
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Fig. 5. Half-hourly power generation of 1 kW, PV system in 2018 [46].
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Fig. 3. Single line diagram of the 11 kV distribution feeder.
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4.77 kWh/day which remains more or less constant every year. Ac-
cording to this estimation, the annual PV generation of the studied
network is equivalent to 4.47 GWh. As mentioned earlier, the annual net
load energy of the selected feeder is 16.11 GWh. Using (1), the actual
annual load energy of the network is 20.58 GWh.

2.2. PV penetration

The term PV penetration (PV),) used in this study defines the frac-
tion of annual load energy served by the PV systems. Mathematically, it
can be expressed as:

Ep

PVyer =
p E?

)

Based on (1) and (2), the PV penetration of the feeder is 21.72%. It
means that currently 21.72% of the load energy of the feeder is served by
the existing PV systems. It is assumed that the PV penetration distribu-
tion is uniform i.e. PV energy are uniformly distributed among the
various buses in proportion to their load energy. For example, if a feeder
has 10% PV penetration, every bus on the feeder has PV energy to serve
10% of the respective bus load energy. Random PV penetration can also
be considered for the analysis, however, it will influence the results
because of different PV distributions among the various buses.

2.3. Feeder and inverter voltage limits

In Australia, low voltage (LV) lines normally operate at 230 V with
+10% and —6% voltage regulation limits [47]. The voltage at the point
of common coupling (PCC) is generally set to 250 V to cater for the
voltage drop along the feeder, which is more prominent during the peak
load demand in the evening [48]. Table 1 shows the nominal voltage
limits of LV lines both in Volts and in per units (p.u) [27].

To avoid exceeding the upper voltage limit, voltage regulation limits
are set in the PV inverters. Consequently, the inverter will disconnect the
PV supply whenever the upper voltage limit is exceeded. However,
depending on the inverter settings, initially, the PV output power may be
reduced and if the overvoltage problem is not remedied then the PV
generated power may be completely cut-off by inverter disconnection.
As mandated by AS/NZS 4777.2:2015, the automatic disconnection
device of the PV inverter should operate when the feeder voltage ex-
ceeds pre-set limits as shown in Table 2 [27]. It shows that if the average
voltage during a 10-min period is above the maximum nominal voltage
of 255 V as set by the Australian Standard then the inverter should trip
within 3.0 s. However, the inverter trips quicker if higher voltages are
reached, i.e. within 2 s or 0.2 s if the voltage is above 260 V or 265 V
respectively.

In the PV inverters available in Australia after 2015, maximum
nominal voltage can be set between 244 V and 258 V, and the factory
default setting is 255 V. However, for high PV penetration areas such as
SA, 258 V is the default set point recommended by SA Power Networks
[28] to allow minimum inverter disconnection due to high voltage. After
an instance of inverter disconnection, it is able to reconnect to the grid if
the voltage returns to the normal range for a 1-min continuous period
[27]. Considering the above voltage constraints and the half-hourly load
and PV generation patterns, an algorithm based on power flow equa-
tions is proposed to perform power flow analysis. First, the power flow
equations are presented in the next section followed by the proposed
algorithm in Section 4.

Table 1

Voltage limits of LV lines in Australia.
Normal Voltage 230V 1.000 p.u
Upper limit 253 V 1.100 p.u
Lower limit 216 V 0.939 p.u
PCC voltage 250V 1.087 p.u

Renewable and Sustainable Energy Reviews 131 (2020) 110021

Table 2
Inverter disconnection limits as per Australian standards.
Overvoltage condition Per unit Inverter mode of Time to
voltage operation operate
>255 V sustained for 10  1.1086 Trip 3.0s
min
>260 V 1.130 Slow Trip 2.0s
>265V 1.152 Fast Trip 0.2s

3. Methodology

To examine the impact of high PV penetration on voltage profile,
power flow analysis can be used to determine the steady-state operating
condition of the system [49]. Traditionally, the power flow equations of
transmission and distribution networks are solved separately using
different algorithms. However, with high penetration of rooftop solar
PV, distribution networks are becoming more active. In order to analyse
the effects of high PV penetration, treating it as a global or integrated
power flow problem (combined transmission and distribution networks)
would make sense. References [50-52] solved the global power flow
problem by decomposing it into two subproblems and solving them
simultaneously using master-slave iterative technique. The above
methods can provide the actual voltage and power at the boundary
buses in addition to the normal power flow solutions. However, in South
Australia, the voltage at the boundary buses (or sending end of the
distribution feeders) is kept more or less constant at 1.087 pu using local
shunt compensation and/or on-load tap changer to maintain adequate
voltage at far end of the feeder, especially during peak load condition.
Thus, inclusion of the effects of transmission network to determine the
voltage at the boundary bus may not be needed in this investigation for
the South Australian context.

Given the above, the power flow problem of the given distribution
system can be solved using a modified backward-forward sweep method
by properly incorporating the effect of PV generation and load demand
at the respective buses [49]. Well known numerical methods such as
Gauss-Siedal method, Newton Raphson method and Fast-decoupled
method have been used in literature. However, the Gauss-Seidel
method has poor convergence [53], Newton-Raphson method is versa-
tile but complex and may not be needed for simple radial systems, and
the Fast-decoupled method may not be suitable for distribution net-
works which normally have high R/X ratio branches [54,55]. A
backward-forward sweep method is generally used for distribution
systems to analyse voltage levels [56]. The backward sweep includes
branch power calculation from the far end of the feeder to the sending
end and forward sweep includes node voltage calculation from sending
end to the far end. Maximum active and reactive power mismatch at the
source node or node voltage magnitude between two successive itera-
tions are used as the convergence criteria [57]. In this paper, the
backward-forward sweep method is applied with the maximum power
mismatch at the source end being used as the convergence criteria.

3.1. Power flow equations

A general n-circuit model of a branch of the given feeder is shown in
Fig. 6. Itis considered that branch i is connected between buses i-1 and i.
The series impedance and total shunt admittance of the branch are
(R; +jX;) and jB; respectively.

In this study, the PV generation is considered as negative load. Thus,
the net active (P?’ ) and reactive (Qf’ ) load power at bus i can be written
as:

PY()= P}(r) =P (1) 3
AOERAGENAD) ()

where, PA(t) and Q%(t) are the actual active and reactive load power
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Fig. 6. A general « circuit model of a branch.

respectively at time t. PP(t) and QF(t) represent the active and reactive
power generation by the PV system.

The power at the receiving end of branch i is the sum of net load
power at bus i and the power at the sending end of the downstream
branch i+1. Therefore, the active (PIR) and reactive (Q{‘) power at the
receiving-end of the branch i are

Pi(n)= PY(1)+ P}, (1) 6))
i = Q¥ +0i,(® (6)

where, P{ ; (t) and Qf, (t) are the active and reactive power flow to the
next branch i+1.

By including the losses of the branch to the receiving-end power, the
active (Pis) and reactive (Qis) power at the sending-end of the branch i
can be obtained as [49]

P} (0) =P (1) + (PH0) + (Qf(\?z — V052 )ZR,» )

i

(PRO) + (QF0) — VE0.B/2)", V2, (1),

0; (=0 (1) + V2 - ®
The phasor voltage at bus i can be written as
Vi(t) =Vioi (1) — L(1).(Ri +jX;) (C)]
Here, I; is
S(1) —i(OS 2 .
o P (1) —i(e; (3‘*:;71 (r) B;/2) 1+ iho(®) 10
i—1

Vi_1(t) is areference voltage. Iir(t) and Ii(t) are the real and imaginary
part of the phasor current ;(t) at any time t. Using equations (9) and
(10), the voltage magnitude at the bus i at any time ¢ can be written as:

Vi) = \/ V21 (0) + 22 (1(0) + Fp(0)) = 2Via (0)-Uin(0) R = Lo (1) X))
an

PS S V2 _(t) .B;/2
Here, Z, = \/R? + X, In(t) = g and () = — 070052

Equations (3)-(11) can be used to obtain the power flow solution of
the radial distribution system.

4. Proposed algorithm

The high-level computational steps for the proposed algorithm are
provided in the flowchart shown in Fig. 7. The details of those steps are
given below.

(i) Read the line and load data of the distribution feeder. Select
network information such as voltage limits, voltage at the source
node and PV penetration level of the feeder.

(ii) Calculate the PV generation profile of each bus assuming uniform
PV penetration and using the PV profile of a 1 kW, PV system
(shown in Fig. 5 without adding any uncertainty).

(iii) Set the initial time (‘t = 1°) and the time duration (At = % hr in
this case).

(iv) Perform power flow analysis as described in following steps and
store the results.

a) Initialise the voltage of all buses except the source bus.

b) Moving from last branch to first branch, compute active and
reactive power flow using (7-8).

¢) Moving from first branch to last branch, compute voltage
using (11).

d) Repeat step b)-c) until the method converges with an accept-
able tolerance.

(v) Move to the next time instance (t = t+1) and repeat step (iv) for
the entire year (t < T).

(vi) Check the number of voltage violations.

A 4

Read system data (line, load, PV, voltage)

A 4

Create PV generation profile of each bus
and set time t=1

»
Lo

A 4
Run backward-forward sweep
power flow and store the results

Yes
t=t+1 @

No

Compute
» Voltage violation cases
» Reverse power flow cases
» PV generation loss

Fig. 7. Flowchart of the proposed algorithm.
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(vii) Compute maximum possible PV generation loss based on inverter
disconnection limits (see Table 2).

This algorithm has been implemented in MATLAB for balanced
operating condition of the network.

5. Results and discussion

The above technique was tested with real data from the 11 kV dis-
tribution feeder in South Australia (SA) as described in Section 2 (see
Fig. 3). It was stated in Section 2 that every load bus has a transformer
which steps down the 11 kV feeder voltage to 250 V (phase voltage).
However, precise voltage data on the low-voltage side was not available,
therefore it was assumed that the per unit voltage is the same on both
sides of the transformer. All buses of the distribution system were ana-
lysed using the methodology proposed in Sections 3 and 4. As mentioned
in the Introduction, the majority of PV inverters in SA are set not to
deliver reactive power, therefore, Qf’ (t) in (4) is considered as zero. For
various PV penetration scenarios, three major events are investigated:
(1) undervoltage, (2) reverse power flow, and (3) overvoltage. Table 3
summarises these events when there is no PV penetration.

As mentioned in Section 2, the feeder already has 2570 kW of PV
systems connected. All three events are evaluated next for the existing
PV penetration as well as additional levels of PV penetration.

5.1. Undervoltage events

Only bus 5 was found to have undervoltage problem. This finding is
consistent with the fact that it is the farthest load bus from the source
node. Fig. 8 shows the undervoltage events at bus 5 during the year 2018
against various levels of PV penetration. A ‘0’ on the x-axis represents
the current level of PV penetration while other values represent addi-
tional PV penetrations (this also applies to Figs. 9 and 10). Clearly, at the
current PV penetration, the number of undervoltage events reduced to
25 from the ‘no PV penetration’ value of 58 events. Fig. 8 demonstrates
that increasing PV penetration above the current level would further
reduce the number of undervoltage events. However, there is not much
reduction in undervoltage events above 30% penetration. This is due to
the fact that the undervoltage events at 30% penetration occur at times
of day when there is not enough PV generation to mitigate those events.
The time frame of the observation is half-an-hour, which means 25
undervoltage events observed for the current PV penetration is equiva-
lent to 12.5 h of undervoltage in the year 2018. For 40% additional PV,
the number of undervoltage events reduces to 15, a 40% reduction from
that for the existing penetration level.

Undervoltage events occur during the evening high demand period,
when PV generation is mostly unavailable, especially during the winter
months when the sun sets at around 5 p.m. Still, the annual reductions in
undervoltage events depicted in Fig. 8 for increasing PV penetrations are
indicative of the PV power generated during the evenings of the South
Australian summer months when the sun sets near or after 8:30 p.m.

5.2. Reverse power flow events

Reverse power flow (RPF) occur when the PV power generation ex-
ceeds the local load demand. When this excess PV generation is exported
to the grid, the voltage on the power line (low voltage lines in this case)
rises, causing overvoltage. Apart from the overvoltage problem, RPF

Table 3
Summary of events for zero PV penetration.
Event Number of instances
Undervoltage 58
Reverse power flow 0
Overvoltage 0

Renewable and Sustainable Energy Reviews 131 (2020) 110021
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Fig. 10. Overvoltage events for various PV penetration levels.

may also cause mal-operation of the protection devices [58]. Fig. 9
shows the number of reverse power flow events in a year against various
levels of PV penetration. It indicates that for a given load, increase in PV
penetration will increase the number of RPF events. For example, there
are only 327 half-hourly RPF instances with current level of PV pene-
tration. This number rises to 4303 with 40% additional PV. Overvoltage
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is the most critical consequence of reverse power flow, which is dis-
cussed in the next sub-section.

5.3. Overvoltage events

The analysis revealed that only bus 4 and 5 experienced overvoltage
problem with increasing PV penetration. Fig. 10 shows the overvoltage
instances in these two buses against penetration levels. At the current
penetration level (‘0°), there is no overvoltage event. Overvoltage events
start at bus 5 with 3.7% additional PV and continues to increase
significantly with increasing PV penetration. For 40% additional PV
penetration, the total number of overvoltage events on buses 4 and 5 rise
to 5827. All overvoltage events are caused by reverse power flow (due to
excess PV generation) during sunny afternoons when the demand is low.
The expected future proliferation of PV systems will surely make the
number of occurrences and severity of overvoltage events far greater
unless action is taken to mitigate them. Detailed analysis of the bus
voltage profiles for various PV penetration levels are presented next.

5.4. Voltage profiles under various PV penetration scenarios

In the analysis of the voltage profile of the distribution feeder both
undervoltage and overvoltage events were observed. Overvoltage can
have adverse effects such as inverter disconnection, therefore, in addi-
tion to the number of overvoltage events, the location of the buses
suffering from overvoltage and the instances of voltage limit violation
are assessed. Furthermore, based on the maximum nominal voltage of
the inverter, the shutdown events of the inverter and maximum possible
PV curtailment are evaluated. For simplicity, only shutdown mode of the
inverter is considered in this study, i.e. reducing the power output of the
inverter to tackle overvoltage problem is not considered.

5.4.1. 0% additional PV penetration (existing PV penetration)

The simulation results on bus voltages for the current PV penetration
level are presented as a box plot in Fig. 11. As was shown in Fig. 3, bus
0 represents the voltage source (low voltage side of the substation
transformer) and the other buses (1-5) represent loads. Fig. 11 shows
that undervoltage events are observed only at bus 5 (when voltage re-
duces below 0.94 p.u). It also shows that for current PV penetration level
there are no overvoltage events (exceeding 1.1 p.u) at any bus, which
confirms the results presented in Fig. 10.

5.4.2. 10% additional PV penetration
Considering the same level of PV growth as seen up to 2018 (see
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Fig. 11. Voltage profiles of the distribution feeder at current penetration level.
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Fig. 1), the system should have had 10% additional PV growth by August
of 2019. For this penetration level, Fig. 12 shows the voltage profiles of
buses 4 and 5 against half-hourly time intervals throughout the year
2018. Undervoltage events in bus 5 are now reduced by 12% compared
to that for the existing PV penetration (instances can be seen below the
bottom red line). Reverse power flow events increase to 4.8 times
compared to that for the current PV penetration. The RPF events raise
the number of overvoltage events at buses 4 and 5 combined to 413
when the voltage exceeds 1.10 p.u (instances can be seen above the top
red line). However, the voltage levels during these overvoltage events
still remain below the maximum nominal voltage of the inverter and
therefore keeps the inverter running. The analysis has demonstrated that
the 10% additional PV penetration increases the overall voltage profile
of the network, however no PV generation loss or curtailment occurs.

5.4.3. 30% additional PV penetration

Additional 30% PV penetration is expected in South Australia (SA)
by the end of 2020. Analysis shows that this would significantly increase
the overvoltage instances in buses 4 and 5 as shown in Fig. 13 (above the
top red lines). In total 4242 overvoltage instances were observed which
included 537 voltage violation cases (see the instances above 1.1 p.u in
Fig. 14). If the overvoltage events shown in Fig. 13 persist for 10 min
continuously, it will curtail up to 101.1 MWh of PV generated energy
during the whole year due to 268.5 h of inverter shutdown. The financial
loss for this would be at least Australian $17,187 considering a feed-in-
tariff (FIT) of $0.17/kWh (see Table 4). However, if this energy was
available for consumption then it would save the cost of buying this
energy at a much higher retail price (RP) of $0.48/kWh. This means the
actual financial loss could be much higher ($48,528) than estimated
above. However, from the market operator’s perspective, if the PV isn’t
able to generate because of curtailment, another non-zero cost generator
is required to meet the shortfall. A simple way to estimate this cost is to
use the pool price at the time of curtailment (also referred to as regional
reference price — RRP [59]). As shown in Table 4, the estimated financial
loss using this method is $13,538.

Assuming that a 1 kW, PV system produces 1742 kWh of energy per
annum, Table 4 summarises the amount of PV generation loss and
financial loss for various PV penetration levels along with the corre-
sponding overvoltage period and voltage violation period. In practice,
due to sub-optimal tilt and orientation of the PV panels, cable and ac-dc
conversion losses as well as dirt on the panels, a 1 kW, PV would pro-
duce 4.1 kWh of energy per day or 1500 kWh per annum (presenting
18% system loss). For this scenario, Table 4 summarises the PV gener-
ation loss and financial loss for various PV penetration levels. The results
are based on half-hourly PV generation and load data. For higher reso-
lution data, the PV generation loss may change slightly. As was stated in
Section 2.3, in South Australia, the maximum nominal voltage is 258 V
[28]. However, older inverters have a default setting of 255 V, which
means these inverters would shut down at a lower voltage than
considered in the above analysis. Hence, for the older inverters, possible
PV generation loss could be as high as 806.5 MWh with a corresponding
financial loss of at least $137,105. Such huge loss demonstrates the need
for changing the default setting of the inverter in high PV penetration
areas such as South Australia (SA).

Apart from financial losses, other consequences of overvoltage
include increased power consumption and possible damage to domestic
appliances and decreased life expectancy. Around 75% of the residential
load contain motors, for example air-conditioners, refrigerators and
ceiling fans [60]. The amount of magnetic flux required to magnetise the
core of the motors is directly proportional to the voltage to frequency
ratio. During the overvoltage events, this ratio increases which increases
the amount of flux required to magnetise the core. This results in
increased losses, and higher power consumption and lower efficiency.
25% of the residential load is resistive in nature and includes ovens,
heaters, kettles, incandescent and some fluorescent lamps. The effects of
overvoltage on various lamps are summarised in Table 5. It is clear that
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overvoltage decreases the life span of the lamps and increases their
power consumption. Some schemes to reduce the loss of PV generation
due to voltage limit violations caused by increasing PV penetrations are
briefly discussed in the next section.

Considering all the above scenarios, it can be summarised that
increasing PV penetration not only increases overvoltage events but also
the number of customers experiencing voltage violations. These viola-
tions result in inverter shutdown and consequently PV generation loss
(PV curtailment) and financial loss. To avoid this loss, some preventive
actions can be taken as recommended in the next section. Note that the
reported results are conservative as they are calculated at the low-
voltage side of the 66/11 kV substation transformer. The actual
voltage profile of the feeder would be higher at the downstream side
than reported in the paper. It means, in reality there will be more voltage
violation cases and therefore more PV generation loss and financial loss.
The number of undervoltage instances would also be higher due to the
distance of the houses from the 11/415 kV distribution transformer.

6. Schemes to address the overvoltage problem

Conventional techniques to maintain the voltage of the system
within regulatory limits include using on-load tap changers (OLTC) and
shunt reactors [17]. These solutions are less effective for PV induced
overvoltages due to the intermittency of PV generation. To address this
problem, a few other schemes can be used in conjunction with the
existing solutions. These include battery energy storage system, solar
inverter, DSTATCOM, export limit, reconductoring, reconfiguration of
lines, and DVR.
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Table 4
Consequences of high PV penetration.
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Annual PV Additional PV Overvoltage Voltage Maximum PV Financial loss ($)
generation penetration (Hours) violation generation loss Dute to loss of export When buying this energy Pool price
of a1 kW, PV (Hours) (MWh) )
system (KWh) revenue at FIT of $0.17/ from grid at RP of $0.48/ loss
kWh kWh
1742 0% 0 0 0 0 0 0
10% 206.5 0 0 0 0 0
20% 1175.5 0 0 0 0 0
30% 2121.0 268.5 101.1 17,187 48,528 13,538
40% 2913.5 994.5 796.1 135,337 382,128 111,318
1500 0% 0 0 0 0 0 0
10% 177.5 0 0 0 0 0
20% 1056 0 0 0 0 0
30% 2040.5 200.5 68.3 11,611 32,784 9566
40% 2856.5 837.5 624.9 106,233 299,952 87,785

Table 5
Effect of overvoltage on lifespan and power consumption of resistive devices
[61].

Resistive Device Overvoltage % Life span Power consumption

Incandescent lamp 10%
Fluorescent lamp 10%

Reduces by 60%
Reduces by 17%

Increases by 16%
Increases by 16%

6.1. Battery energy storage system

Battery energy storage systems (BESS) are mainly used to increase
the self-consumption of solar energy to reduce the consumer’s overall
electricity cost [62]. If proper sizing, siting and energy management
(charging/discharging) strategy are used, it can help mitigate voltage
rise and thus PV curtailment problem [63]. Storing PV generated energy
can prevent reverse power flow and thus voltage rise, which reduce the
instances of inverter output reduction and disconnections. The main
drawback of this solution is the relatively high cost of BESS. However,
recent trends show a reduction in battery cost and this trend is expected
to continue, which can make BESS a potential solution to mitigate the PV
induced overvoltage problem.

6.2. Solar inverters

Initially voltage regulation using distributed energy resources (DER)
such as PV inverters was not allowed due to IEEE 1547 and UL 1741
[64-66], which state that solar inverters should not actively regulate the
voltage at the connection point. In Australia, all versions of AS4777 (the
Australian standard which governs grid connection of energy systems
via inverters) to date have required reactive power modes to be disabled
by default. Therefore, the solar inverters have been mostly used as
source of active power, not as source of reactive power. However, within
the last few years, countries such as Germany and Australia have initi-
ated practices to allow DER contribution for voltage regulation.
Consequently, the solar inverters now have the option to enable the
Volt-VAr mode to provide reactive power support [48,67]. However,
enabling this mode either reduces active power generation or increases
the size of the inverter. Solar inverters are a very effective option in
networks with relatively low R/X ratios [68], for example, medium
voltage networks. However, it proves less effective in low voltage (LV)
networks due to high R/X ratios where variations in reactive power have
a smaller influence on voltage than variations in active power [69].
Therefore, solar inverters aren’t highly effective in reducing the PV
curtailment issue. They can still prove beneficial in reducing PV
curtailment when used in conjunction with battery energy storage sys-
tems [70].

6.3. Export limit

To mitigate issues arising from large PV penetration, some utilities
such as SA Power Networks (SAPN) and Western Power have already
applied export limits to restrict excessive reverse power flow. For houses
with single-phase LV supply, Western Power applies a 5-kVA limit on the
single-phase inverter [71]. In SA, the export limit was previously
10-kVA on single phase, which is now reduced to 5-kVA after the
enforcement of Australian Standard (AS) 4777.2:2015 [27]. Reference
[72] provide the method to find the adequate export limit that can be
used to resolve operational issues with minimum PV curtailment.

6.4. DSTATCOM

Distribution static synchronous compensators (DSTATCOM) can
provide reactive power compensation during high PV generation times
[42]. Traditional shunt capacitors or reactors are discrete elements,
which cannot provide continuous reactive power support like DSTAT-
COM. In addition, DSTATCOM can provide both inductive and capaci-
tive reactive power support. However, due to the high R/X ratio of LV
lines, reactive power compensation is not a very effective solution.
Recently, a utility named ERGON Energy has used STATCOM in distri-
bution lines to deal with overvoltage problems caused by reverse power
flows [73].

6.5. Reconductoring

Replacing old conductors in existing networks with larger conduc-
tors (to carry more current) can enhance the network’s capacity to
accommodate larger number of PV systems without voltage fluctuations.
Increasing the cross-sectional area of the conductors can reduce the
voltage drops. However, this solution is costly. To defer the costly
replacement of conductors for a certain time period, other solutions such
as battery energy storage system has been used by some utilities such as
SAPN. It has deferred the network upgrade by 10 years using distributed
battery energy storage systems [74].

6.6. Reconfiguration

Rearranging the load and PV power among different phases can
improve voltage profiles. It will allow utilizing the network infrastruc-
ture more effectively without much additional infrastructure cost.
However, this approach would require more research and planning for it
to become a potential solution [4].

6.7. DVR

Dynamic Voltage Restorer (DVR) is another effective way to mitigate
overvoltage issues due to its small size and low capital and operating
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costs [75]. DVR is a custom power device i.e. a power electronic
controller having a voltage source inverter, a filter and capacitor as a
storage unit. It is basically a series compensator whose output is con-
nected in series with the distribution feeder. It can regulate the voltage
by injecting a voltage of required magnitude and phase angle into the
feeder. The success of DVR depends on the choice of appropriate filter
capacitor [4]. If a battery (sourced by the PV system) can be used as the
storage unit then the DVR will be able to inject or absorb both active and
reactive power to compensate for the voltage variations (overvoltage
and voltage drop) [76]. This would make DVR more versatile for
resolving voltage fluctuation issues. With the use of the battery the size
of the DVR can also be reduced. The declining trend in battery cost is
likely to make the combination of battery and DVR a viable solution in
the near future. Relatively shorter life span of DVR compared to trans-
formers can introduce additional maintenance and cost for DVR
replacement.

7. Conclusion

Using data from an 11 kV distribution feeder in South Australia, this
study has demonstrated that reverse power flow (RPF) and consequent
overvoltage are the most critical impacts of high PV penetration. For the
South Australian feeder analysed in this paper, the number of RPF events
increases from 327 half-hourly events at current level of PV penetration
(21.72%) to a massive 4303 events at 40% additional penetration. At
this level of penetration, the overvoltage events cause nearly a thousand
‘nominal voltage violation’ instances at the inverters leading to at least
625 MWh of PV generation loss due to inverter disconnections. For the
customers, this represents an annual financial loss of over $106,000 due
to the loss of energy export revenue. If the same energy is to be pur-
chased from the grid, it would cost approximately $300,000. From the
power utility’s perspective, the lost PV energy would represent a loss of
approximately $88,000 at the pool price, which is a significant financial
loss for one distribution feeder. Clearly, the total loss of PV generated
energy and the associated financial loss for the whole state of South
Australia are expected to be much higher. The methodology presented in
this paper for estimation of PV generation and financial losses is ex-
pected to allow for greater clarity on the potential benefits or otherwise
of network upgrades to host additional PV capacity.

Clearly, with increasing levels of PV penetration, it is important to
deploy strategies so that large amount of PV generated energy isn’t lost
due to overvoltage-induced inverter disconnections. A few strategies
which can be deployed have been summarised in this paper. Among
these strategies, the use of battery energy storage seems to be very
logical and cost-effective way to deal with the overvoltage issue, because
increasing number of PV systems being installed in Australia and around
the world today have battery storage systems associated with them.
Nonetheless, this study has highlighted the importance of conducting
thorough evaluation of the alternative strategies and their suitability to
provide the level of dynamic control required to deal with reverse power
flow and overvoltage issues efficiently.

Credit author statement

Vanika Sharma: Conceptualization, Methodology, Software, Valida-
tion, Writing - original draft. Syed Mahfuzul Aziz: Conceptualization,
Visualization, Writing- Reviewing and Editing, Validation. Mohammed
H. Haque: Conceptualization, Validation, Writing- Reviewing and Edit-
ing, Visualization. Travis Kauschke: Resources, Data curation,
Reviewing.

Declaration of competing interest
The authors declare that they have no known financial interests or

personal relationships that could have appeared to influence the work
reported in this paper.

10

Renewable and Sustainable Energy Reviews 131 (2020) 110021
Acknowledgement

The first author would like to thank the Australian government and
the University of South Australia for the scholarship to pursue PhD
under the Research Training Program scheme. We acknowledge the
assistance of Engineer Liam Mallamo of SA Power Networks for assis-
tance with feeder data from South Australia and for providing feedback
on the paper.

References
[1] Solar Power Europe. Global market outlook for solar power 2018 — 2022. https:
//www.solarpowereurope.org/wp-content/uploads/2018/09/Global-Market-Ou
tlook-2018-2022.pdf. [Accessed 5 May 2019].
Clean Energy Council. Number of Australian homes with rooftop solar tops 2
million. https://www.cleanenergycouncil.org.au/news/number-of-australian-hom
es-with-rooftop-solar-tops-2-million-and-counting. [Accessed 11 May 2019].
Clean Energy Regulator, Australia. Small-scale installations. http://www.clea
nenergyregulator.gov.au/RET/Forms-and-resources/Postcode-data-for-small-sca
le-installations?_ga
2.209552722.1902405023.1548122424-1048576393.1546567809#Smallsca
le-installations-by-installation-year. [Accessed 6 April 2019].
Haque MM, Wolfs P. A review of high PV penetrations in LV distribution networks:
Present status, impacts and mitigation measures. Renew Sustain Energy Rev 2016;
62:1195-208.
Australian Energy Market Operator. AEMO observations operational and market
challenges to reliability and security in the NEM. https://www.aemo.com.au/-/m
edia/Files/Media_Centre/2018/AEMO-observations_operational-and-market-chall
enges-to-reliability-and-security-in-the-NEM.pdf. [Accessed 24 September 2019].
Australian Renewable Agency. APVI Solar map. http://pv-map.apvi.org.au
/postcode. [Accessed 24 June 2019].
SA Power Networks. Distribution annual planning report 2018/19 to 2022/23. htt
ps://www.sapowernetworks.com.au/public/download.jsp?id=310828. [Accessed
5 January 2019].
Australian Photovoltaic Institute. Australia small-scale installation. http://pv-map.
apvi.org.au/historical#4/-26.67/134.12. [Accessed 6 December 2018].
Renewable Energy Certificate Registry. https://www.rec-registry.gov.au/rec-re
gistry/app/home. [Accessed 5 February 2019].
Essential Service Comission of South Australia. Retailer feed-in tariff - Review of
regulatory arrangements. https://www.escosa.sa.gov.au/ArticleDocuments/998/
20161220-Electricity-RetailerFiT ReviewRegulatoryArrangements-FinalDecision.
pdf.aspx?Embed=Y. [Accessed 15 March 2018].
Kenneth AP, Folly K. Voltage rise issue with high penetration of grid connected PV.
IFAC Proc Vol 2014;47:4959-66.
Brinsmead T, Graham P, Hayward J, Ratnam E, Reedman L. Future energy storage
trends: An assessment of the economic viability, potential uptake and impacts of
electrical energy storage on the NEM 2015-2035. CSIRO, https://doi.org/10.4225/
08/5852dbcfaffc6; [Accessed 8 September 2018].
Tan YT, Kirschen DS. Impact on the power system of a large penetration of
photovoltaic generation. 2007 IEEE Power Engineering Society General Meeting.
2007. p. 1-8.
Liu X, Aichhorn A, Liu L, Li H. Coordinated control of distributed energy storage
system with tap changer transformers for voltage rise mitigation under high
photovoltaic penetration. IEEE Trans Smart Grid 2012;3:897-906.
Hasheminamin M, Agelidis VG, Salehi V, Teodorescu R, Hredzak B. Index-based
assessment of voltage rise and reverse power flow phenomena in a distribution
feeder under high PV penetration. IEEE J Photovolt 2015;5:1158-68.
Rylander M, Smith J, Lewis D, Steffel S. Voltage impacts from distributed
photovoltaics on two distribution feeders. 2013 IEEE Power & Energy Society
General Meeting. 2013. p. 1-5.
Long C, Ochoa LF. Voltage control of PV-rich LV networks: OLTC-fitted transformer
and capacitor banks. IEEE Trans Power Syst 2016;31:4016-25.
Australian Renewable Agency. Virtual power plant in SA- Stage 1 milestone report.
2017. https://arena.gov.au/assets/2017/02/VPP-SA-Public-Milestone-1-Report-
Final-for-issue.pdf. [Accessed 24 September 2018].
Australian Photovoltaic Institute. Yearly analysis of solar. http://pv-map.apvi.org.
au/analyses. [Accessed 29 November 2018].
Eftekharnejad S, Vittal V, Heydt GT, Keel B, Loehr J. Impact of increased
penetration of photovoltaic generation on power systems. IEEE Trans Power Syst
2013;28:893-901.
Dubey A, Santoso S, Maitra A. Understanding photovoltaic hosting capacity of
distribution circuits. 2015 IEEE Power & Energy Society General Meeting. 2015.
p. 1-5.
Achilles S, Schramm S, Bebic J. Transmission system performance analysis for
high-penetration photovoltaics. National Renewable Energy Laboratory, https://
www.nrel.gov/docs/fy08osti/42300.pdf; [Accessed 25 June 2018].
Vargas MC, Mendes MA, Batista OE. Impacts of high PV penetration on voltage
profile of distribution feeders under Brazilian electricity regulation. In: 2018 13th
IEEE International Conference on Industry Applications; 2018. p. 38-44.
Yan R, Saha TK. Investigation of voltage stability for residential customers due to
high photovoltaic penetrations. IEEE Trans Power Syst 2012;27:651-62.

[2]

[3]

[4

=

[5]

[6]

[71

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]


https://www.solarpowereurope.org/wp-content/uploads/2018/09/Global-Market-Outlook-2018-2022.pdf
https://www.solarpowereurope.org/wp-content/uploads/2018/09/Global-Market-Outlook-2018-2022.pdf
https://www.solarpowereurope.org/wp-content/uploads/2018/09/Global-Market-Outlook-2018-2022.pdf
https://www.cleanenergycouncil.org.au/news/number-of-australian-homes-with-rooftop-solar-tops-2-million-and-counting
https://www.cleanenergycouncil.org.au/news/number-of-australian-homes-with-rooftop-solar-tops-2-million-and-counting
http://www.cleanenergyregulator.gov.au/RET/Forms-and-resources/Postcode-data-for-small-scale-installations?_ga=2.209552722.1902405023.1548122424-1048576393.1546567809#Smallscale-installations-by-installation-year
http://www.cleanenergyregulator.gov.au/RET/Forms-and-resources/Postcode-data-for-small-scale-installations?_ga=2.209552722.1902405023.1548122424-1048576393.1546567809#Smallscale-installations-by-installation-year
http://www.cleanenergyregulator.gov.au/RET/Forms-and-resources/Postcode-data-for-small-scale-installations?_ga=2.209552722.1902405023.1548122424-1048576393.1546567809#Smallscale-installations-by-installation-year
http://www.cleanenergyregulator.gov.au/RET/Forms-and-resources/Postcode-data-for-small-scale-installations?_ga=2.209552722.1902405023.1548122424-1048576393.1546567809#Smallscale-installations-by-installation-year
http://www.cleanenergyregulator.gov.au/RET/Forms-and-resources/Postcode-data-for-small-scale-installations?_ga=2.209552722.1902405023.1548122424-1048576393.1546567809#Smallscale-installations-by-installation-year
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref4
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref4
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref4
https://www.aemo.com.au/-/media/Files/Media_Centre/2018/AEMO-observations_operational-and-market-challenges-to-reliability-and-security-in-the-NEM.pdf
https://www.aemo.com.au/-/media/Files/Media_Centre/2018/AEMO-observations_operational-and-market-challenges-to-reliability-and-security-in-the-NEM.pdf
https://www.aemo.com.au/-/media/Files/Media_Centre/2018/AEMO-observations_operational-and-market-challenges-to-reliability-and-security-in-the-NEM.pdf
http://pv-map.apvi.org.au/postcode
http://pv-map.apvi.org.au/postcode
https://www.sapowernetworks.com.au/public/download.jsp?id=310828
https://www.sapowernetworks.com.au/public/download.jsp?id=310828
http://pv-map.apvi.org.au/historical#4/-26.67/134.12
http://pv-map.apvi.org.au/historical#4/-26.67/134.12
https://www.rec-registry.gov.au/rec-registry/app/home
https://www.rec-registry.gov.au/rec-registry/app/home
https://www.escosa.sa.gov.au/ArticleDocuments/998/20161220-Electricity-RetailerFiT_ReviewRegulatoryArrangements-FinalDecision.pdf.aspx?Embed=Y
https://www.escosa.sa.gov.au/ArticleDocuments/998/20161220-Electricity-RetailerFiT_ReviewRegulatoryArrangements-FinalDecision.pdf.aspx?Embed=Y
https://www.escosa.sa.gov.au/ArticleDocuments/998/20161220-Electricity-RetailerFiT_ReviewRegulatoryArrangements-FinalDecision.pdf.aspx?Embed=Y
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref11
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref11
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref13
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref13
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref13
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref14
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref14
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref14
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref15
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref15
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref15
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref16
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref16
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref16
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref17
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref17
https://arena.gov.au/assets/2017/02/VPP-SA-Public-Milestone-1-Report-Final-for-issue.pdf
https://arena.gov.au/assets/2017/02/VPP-SA-Public-Milestone-1-Report-Final-for-issue.pdf
http://pv-map.apvi.org.au/analyses
http://pv-map.apvi.org.au/analyses
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref20
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref20
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref20
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref21
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref21
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref21
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref23
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref23
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref23
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref24
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref24

V. Sharma et al.

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]

[49]

[50]

Wang L, Bai F, Yan R, Saha TK. Real-time coordinated voltage control of PV
inverters and energy storage for weak networks with high PV penetration. IEEE
Trans Power Syst 2018;33:3383-95.

Tonkoski R, Lopes LAC. Voltage regulation in radial distribution feeders with high
penetration of Photovoltaic. In: 2008 IEEE Energy 2030 Conference; 2008. p. 1-7.
Australian/New Zealand Standard: Grid connection of energy systems via
inverters, Inverter requirements (AS/NZS 4777.2:2015).

SA Power Networks. Technical Standard - TS129. Small EG Connections - Capacity
not exceeding 30kW 2019. https://www.sapowernetworks.com.au/public/downlo
ad.jsp?id=9561. [Accessed 5 June 2020].

Hsieh WL, Lin CH, Chen CS, Hsu C, Ku TT, Tsai CT, et al. Impact of PV generation
to voltage variation and power losses of distribution systems. In: 2011 4th
International Conference on Electric Utility Deregulation and Restructuring and
Power Technologies; 2011. p. 1474-8.

Povlsen AF. Impacts of power penetration from photovoltaic power systems in
distribution networks. Report IEA PVPS T5-10. 2002. http://www.hme.ca/gr
idconnect/IEA_PVPS_Task_5-10 _Impacts_of PV_Power_Penetration.pdf. [Accessed
24 June 2019].

Tonkoski R, Turcotte D, El-Fouly TH. Impact of high PV penetration on voltage
profiles in residential neighborhoods. IEEE Trans Sustain Energy 2012;3:518-27.
Degner T, Arnold G, Reimann T, Engel B, Breede M, Strauss P. Increasing the
photovoltaic-system hosting capacity of low voltage distribution networks. In: 21st
International Conference on Electricity Distribution; 2011. p. 1243-6.

Kerber G, Witzmann R, Sappl H. Voltage limitation by autonomous reactive power
control of grid connected photovoltaic inverters. 2009 Compatibility and Power
Electronics. 2009. p. 129-33.

Hatta H, Kobayashi H. A study of autonomous reactive power control method for
distributed power generators to maintain power quality of the grid. IEEJ Trans
Electr Electron Eng 2006;1:233-9.

Stetz T, Diwold K, Kraiczy M, Geibel D, Schmidt S, Braun M. Techno-economic
assessment of voltage control strategies in low voltage grids. IEEE Trans Smart Grid
2014;5:2125-32.

Stetz T, Marten F, Braun M. Improved low voltage grid-integration of photovoltaic
systems in Germany. IEEE Trans Sustain Energy 2012;4:534-42.

Von Appen J, Braun M, Stetz T, Diwold K, Geibel D. Time in the sun: The challenge
of high PV penetration in the German electric grid. IEEE Power Energy Magaz
2013;11:55-64.

Baran ME, Hooshyar H, Shen Z, Huang A. Accommodating high PV penetration on
distribution feeders. IEEE Trans Smart Grid 2012;3:1039-46.

Byrnes L, Brown C, Wagner L, Foster J. Reviewing the viability of renewable energy
in community electrification: The case of remote Western Australian communities.
Renew Sustain Energy Rev 2016;59:470-81.

Jamal T, Urmee T, Calais M, Shafiullah GM, Carter C. Technical challenges of PV
deployment into remote Australian electricity networks: A review. Renew Sustain
Energy Rev 2017;77:1309-25.

Sayeef S, Heslop S, Cornforth D, Moore T, Percy S, Ward J, et al. Solar
intermittency: Australia’s clean energy challenge. Characterising the effect of
high penetration solar intermittency on Australian electricity networks. CSIRO,
https://publications.csiro.au/rpr/download?pid=csiro:EP121914&dsid=DS1;
[Accessed 13 June 2019].

Shafiullah GM, Oo AMT, Stojcevski A, Shawkat Ali A. Integration of roof-top solar
photovoltaic systems into the low voltage distribution network. J Renew Sustain
Energy 2014;6:033135.

Alam MJ, Muttaqi KM, Sutanto D, Elder L, Baitch A. Performance analysis of
distribution networks under high penetration of solar PV. In: 44th International
Conference on Large High Voltage Electric Systems; 2012. p. 1-9.

Lewis S. Carnarvon: A case study of increasing levels of PV penetration in an
isolated electricity supply system. Australia: Australian Solar Institute; 2012.

SA Power Networks. LV Management Business Case. In: Regulatory Proposal 2020-
2025, https://www.aer.gov.au/networks-pipelines/determinations-access-
arrangements/sa-power-networks-determination-2020-25/proposal; [Accessed 6
October 2019].

Renewable ninja website. https://www.renewables.ninja/. [Accessed 5 May
2018].

Australian Standard: Standard Voltages (AS 60038). 2012.

Australian/New Zealand Standard: Grid connection of energy systems via
inverters, Installation requirements (AS/NZS 4777.1:2016).

Haque MH. A general load flow method for distribution systems. Electric Power
Syst Res 2000;54:47-54.

Sun H, Guo Q, Zhang B, Guo Y, Li Z, Wang J. Master-slave-splitting based
distributed global power flow method for integrated transmission and distribution
analysis. [EEE Trans Smart Grid 2015;6:1484-92.

11

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

R ble and S ble Energy R 131 (2020) 110021

Sun H, Zhang B. Distributed power flow calculation for whole networks including
transmission and distribution. 2008 IEEE/PES Transmission and Distribution
Conference and Exposition. 2008. p. 1-6.

Li Z, Sun H, Guo Q, Wang Y, Zhang B. GPF-based method for evaluating EVs’ free
charging impacts in distribution system. 2012 IEEE Power and Energy Society
General Meeting. 2012. p. 1-7.

Afolabi OA, Ali WH, Cofie P, Fuller J, Obiomon P, Kolawole E. Analysis of the load
flow problem in power system planning studies. J Energy Power Eng 2015;7:509.
Mabrouk S, Bouallegue A, Khedher A. Modeling of unbalanced radial distribution
system and backward-forward power flow analysis. Power Electr Syst: Extend
Papers 2017 2018;7:47.

Haque MH. Efficient load flow method for distribution systems with radial or mesh
configuration. IEE Proc Generation, Trans Distrib 1996;143:33-8.

Rupa JM, Ganesh S. Power flow analysis for radial distribution system using
backward/forward sweep method. Int J Electr Comp Electron Commun Eng 2014;
8:1540-4.

Eminoglu U, Hocaoglu MH. Distribution systems forward/backward sweep-based
power flow algorithms: A review and comparison study. Electric Power Comp Syst
2008;37:91-110.

Shafiullah GM, Arif MT, Oo AMT. Mitigation strategies to minimize potential
technical challenges of renewable energy integration. Sustain Energy Technol
Assess 2018;25:24-42.

Australian Energy Market Operator. Pool price for year 2018. https://www.aemo.
com.au/Electricity/National-Electricity-Market-NEM/Data-dashboard#aggreg
ated-data. [Accessed 8 October 2019].

Morison K, Hamadani H, Wang L. Load modeling for voltage stability studies. 2006
IEEE PES Power Systems Conference and Exposition. 2006. p. 564-8.

Dimitriadis P. Effects of overvoltage on power consumption. Brunel University
London, http://bura.brunel.ac.uk/handle/2438/12164; [Accessed 15 March
2018].

Sharma V, Haque MH, Aziz SM. Energy cost minimization for net zero energy
homes through optimal sizing of battery storage system. Renew Energy 2019;141:
278-86.

Procopiou AT, Petrou K, Ochoa LF, Langstaff T, Theunissen J. Adaptive
decentralized control of residential storage in PV-rich MV-LV networks. IEEE Trans
Power Syst 2018;34:2378-89.

IEEE Standards Association. IEEE 1547 standard for interconnecting distributed
resources with electric power systems. 2003.

Standard UL, Inverters C. Controllers and interconnection system equipment for
use with distributed energy resources. 2005. p. 1741.

Noone B. PV integration on Australian distribution networks. The Australian PV
Association, Universtity of NSW, Australia, https://apvi.org.au/wp-content/
uploads/2013/12/APVA-PV-and-DNSP-Literature-review-September-2013.pdf;
[Accessed 13 June 2019].

Smith J, Sunderman W, Dugan R, Seal B. Smart inverter volt/var control functions
for high penetration of PV on distribution systems. In: 2011 IEEE/PES Power
Systems Conference and Exposition; 2011. p. 1-6.

Turitsyn K, Sulc P, Backhaus S, Chertkov M. Distributed control of reactive power
flow in a radial distribution circuit with high photovoltaic penetration. In: 2010
IEEE PES General Meeting; 2010. p. 1-6.

Demirok E, Sera D, Teodorescu R, Rodriguez P, Borup U. Clustered PV inverters in
LV networks: An overview of impacts and comparison of voltage control strategies.
In: 2009 IEEE Electrical Power & Energy Conference; 2009. p. 1-6.

VonAppen J, Stetz T, Braun M, Schmiegel A. Local voltage control strategies for PV
storage systems in distribution grids. IEEE Trans Smart Grid 2014;5:1002-9.
Western power export limit for single phase inverters. https://westernpower.com.
au/industry/manuals-guides-standards/technical-guidance-for-solar-installers/.
[Accessed 25 June 2019].

Ricciardi TR, Petrou K, Franco JF, Ochoa LF. Defining customer export limits in PV-
rich low voltage networks. IEEE Trans Power Syst 2019;34:87-97.

Ergon installing STATCOM to mitigate voltage rise. https://reneweconomy.com.
au/ergon-takes-steps-manage-booming-rooftop-solar-uptake-44132/. [Accessed 19
November 2019].

SA Power Networks. Distribution annual planning report 2017_18 to 2021_22. htt
ps://www.sapowernetworks.com.au/data/3032/distribution-annual-planning-re
port-2017-18-2021-22/. [Accessed 10 December 2018].

Ibrahim SB. Voltage quality enhancement in distribution system using artificial
neural network (ANN) based dynamic voltage restorer. Nigerian J Technol 2018;
37:184-90.

Haque MH. Voltage sag correction by dynamic voltage restorer with minimum
power injection. IEEE Power Eng Rev 2001;21:56-8.


http://refhub.elsevier.com/S1364-0321(20)30312-9/sref25
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref25
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref25
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref26
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref26
https://www.sapowernetworks.com.au/public/download.jsp?id=9561
https://www.sapowernetworks.com.au/public/download.jsp?id=9561
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref29
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref29
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref29
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref29
http://www.hme.ca/gridconnect/IEA_PVPS_Task_5-10_Impacts_of_PV_Power_Penetration.pdf
http://www.hme.ca/gridconnect/IEA_PVPS_Task_5-10_Impacts_of_PV_Power_Penetration.pdf
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref31
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref31
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref32
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref32
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref32
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref33
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref33
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref33
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref34
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref34
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref34
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref35
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref35
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref35
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref36
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref36
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref37
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref37
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref37
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref38
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref38
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref39
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref39
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref39
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref40
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref40
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref40
https://publications.csiro.au/rpr/download?pid=csiro:EP121914&amp;dsid=DS1
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref42
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref42
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref42
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref43
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref43
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref43
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref44
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref44
https://www.renewables.ninja/
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref47
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref49
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref49
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref50
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref50
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref50
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref51
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref51
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref51
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref52
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref52
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref52
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref53
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref53
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref54
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref54
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref54
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref55
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref55
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref56
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref56
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref56
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref57
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref57
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref57
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref58
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref58
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref58
https://www.aemo.com.au/Electricity/National-Electricity-Market-NEM/Data-dashboard#aggregated-data
https://www.aemo.com.au/Electricity/National-Electricity-Market-NEM/Data-dashboard#aggregated-data
https://www.aemo.com.au/Electricity/National-Electricity-Market-NEM/Data-dashboard#aggregated-data
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref60
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref60
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref62
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref62
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref62
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref63
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref63
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref63
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref64
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref64
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref65
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref65
https://apvi.org.au/wp-content/uploads/2013/12/APVA-PV-and-DNSP-Literature-review-September-2013.pdf
https://apvi.org.au/wp-content/uploads/2013/12/APVA-PV-and-DNSP-Literature-review-September-2013.pdf
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref67
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref67
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref67
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref68
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref68
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref68
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref69
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref69
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref69
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref70
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref70
https://westernpower.com.au/industry/manuals-guides-standards/technical-guidance-for-solar-installers/
https://westernpower.com.au/industry/manuals-guides-standards/technical-guidance-for-solar-installers/
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref72
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref72
https://reneweconomy.com.au/ergon-takes-steps-manage-booming-rooftop-solar-uptake-44132/
https://reneweconomy.com.au/ergon-takes-steps-manage-booming-rooftop-solar-uptake-44132/
https://www.sapowernetworks.com.au/data/3032/distribution-annual-planning-report-2017-18-2021-22/
https://www.sapowernetworks.com.au/data/3032/distribution-annual-planning-report-2017-18-2021-22/
https://www.sapowernetworks.com.au/data/3032/distribution-annual-planning-report-2017-18-2021-22/
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref75
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref75
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref75
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref76
http://refhub.elsevier.com/S1364-0321(20)30312-9/sref76

	Effects of high solar photovoltaic penetration on distribution feeders and the economic impact
	1 Introduction
	2 Distribution feeder
	2.1 Load profile
	2.2 PV penetration
	2.3 Feeder and inverter voltage limits

	3 Methodology
	3.1 Power flow equations

	4 Proposed algorithm
	5 Results and discussion
	5.1 Undervoltage events
	5.2 Reverse power flow events
	5.3 Overvoltage events
	5.4 Voltage profiles under various PV penetration scenarios
	5.4.1 0% additional PV penetration (existing PV penetration)
	5.4.2 10% additional PV penetration
	5.4.3 30% additional PV penetration


	6 Schemes to address the overvoltage problem
	6.1 Battery energy storage system
	6.2 Solar inverters
	6.3 Export limit
	6.4 DSTATCOM
	6.5 Reconductoring
	6.6 Reconfiguration
	6.7 DVR

	7 Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledgement
	References


