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ABSTRACT 

The rapid adoption of residential solar photovoltaic (PV) 

systems combined with the falling prices of residential 

battery energy storage (BES) systems is paving the way for 

a future in which customers could locally supply most of 

their energy needs. However, as off-the-shelf (OTS) 

residential BES systems operate for the sole benefit of the 

customer, there are no guarantees that they will be able to 

charge during periods of peak solar generation; thus being 

unable to mitigate overvoltage and asset congestion issues 

resulting from reverse power flows. This work proposes a 

practical adaptive decentralized1 (AD) controller that, 

throughout the day, constantly adapts the charging and 

discharging power rate of the BES system so that reverse 

power flows are significantly reduced whilst still reducing 

customer grid imports. Its performance is assessed on a 

real Australian medium voltage feeder with realistically 

modelled low voltage networks and smart meter data. 

Results highlight that the proposed AD controller 

overcomes the limitations of the OTS by mitigating 

technical issues while still bringing similar reductions in 

electricity imports. 

INTRODUCTION 

The rapid adoption of residential solar photovoltaic (PV) 

systems combined with the falling prices of residential 

battery energy storage (BES) systems is paving the way for 

a future in which residential customers could locally 

supply most of their energy needs, hence reducing carbon 

emissions and their grid dependency (i.e., reduced 

electricity bills). 

 

Commercially available BES systems feature technical 

capabilities that allow them to adopt different control 

strategies such as load following and tariff arbitrage; all 

defined for the sole benefit of the customer. This also 

means that such systems, hereafter referred to as off-the-

shelf (OTS) BES systems, might not charge during times 

of high PV generation. Since customer-led control 

strategies will prioritize storing as much excess PV 

generation as possible, it is likely that their full state-of-

charge (SOC) is reached even before peak PV generation 

periods [2]. This may result in reverse power flows from 

multiple sites, leading to technical issues such as 

overvoltage and asset congestion on low voltage (LV) and 

                                                           

1 The work described in this paper corresponds to the Australian Provisional Patent Application No. 2018904310 [1]. 

medium voltage (MV) distribution networks [3]. 

Nonetheless, given the controllability of the technology, 

there is an opportunity to adopt different strategies that 

could allow BES systems to significantly reduce or even 

eliminate reverse power flows and, hence, the 

corresponding network issues. Such behind-the-meter 

solutions could help to significantly reduce network 

reinforcement costs over the next decades [4]. 

 

Several studies have proposed residential BES control 

schemes to manage technical problems in distribution 

networks [5-8]. These approaches require either online or 

offline network optimization, which adds multiple layers 

of complexity, as well as cost, in the operation of the 

distribution network (e.g., accurate network topology, 

communication infrastructure, computational 

capabilities). Other studies aim at reducing the complexity 

by proposing decentralized optimization-based 

algorithms, that do not use network information [8]. 

However, they require perfect 24-hours ahead demand and 

generation forecasts; hence limiting their practicality. 

 

In the context of investigating more practical BES control 

schemes, the studies in [9, 10] propose the adoption of 

local droop-based control methods to manage voltage 

issues in LV networks. Nonetheless, these studies require 

a priori network sensitivity analyses (for each network) to 

determine the droop setpoints; effectively limiting the 

scalability of the approach as this needs to be done for each 

of the thousands of LV networks in a given region. 

Furthermore, such approaches also suffer heavily from 

customer fairness issues, as BES systems at the end of 

feeders are much more likely to contribute more often in 

the voltage management. 

 

Although the literature highlights that there is a strong 

interest in leveraging residential BES systems to manage 

technical issues in PV-rich distribution networks, practical 

and scalable solutions, that are more likely to be adopted 

by the industry, are still required. To this end, this work 

proposes a practical adaptive decentralized (AD) 

controller for residential BES systems that, without 

forecasting, aims at reducing household exports while still 

reducing customer grid imports. It operates by adapting the 

BES charging power proportionally to the PV generation. 

With this strategy, the power charging and discharging 

rates are constantly calculated throughout the day based on 

Acc
ep

ted
 Pap

er



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n° 936 

 
 

CIRED 2019  2/5 

clear-sky generation, PV generation, demand, and state of 

charge (SOC). A real Australian MV feeder with 

realistically modelled LV networks is studied considering 

anonymized smart meter data. To understand the extent of 

the benefits from the proposed method, comparisons are 

carried out with the OTS control strategy. 

OFF-THE-SHELF BES SYSTEMS OVERVIEW 

Based on the most common operating principles of OTS 

BES systems (i.e., commercially available), their control 

strategy is considered here to charge with the surplus PV 

generation (positive net generation) and discharge the net 

demand (negative net generation). This operation was fully 

investigated in [3], where it was demonstrated that during 

typical summer days (i.e., high PV generation and low 

demand), the majority of customers with OTS BES 

systems can significantly reduce or fully eliminate the 

need for grid imported energy. Nonetheless, it was also 

shown that this control strategy is inadequate to mitigate 

network issues. Two limitations of OTS BES systems were 

highlighted: 

• OTS BES systems do not fully discharge overnight. 

This is due to insufficient energy consumption of most 

customers. As a consequence, their ability to store 

surplus PV generation the following day can be 

significantly reduced, 

• OTS BES systems reach full SOC very early. With a 

partially charged BES system, surplus PV generation 

that occurs early in the morning can lead to a full SOC 

before or during high PV generation, resulting in PV 

exports. 

 

The decentralized controller proposed in this paper aims to 

overcome these limitations while still helping residential 

customers to reduce their grid imports; which is the 

primary objective of residential BES systems. 

PROPOSED AD CONTROLLER 

To overcome the limitations of the OTS controller, the 

proposed AD controller reduces high PV exports by 

adapting the BES charging power proportionally to the PV 

generation, and ensuring available capacity by discharging 

overnight. 

 

To achieve this, first, the daily maximum PV generation is 

estimated by using well-established methods to compute 

clear-sky generation profiles. This is used to produce an 

ideal charging profile that follows the bell-shape of the 

maximum PV generation with an area that matches the 

BES capacity; directly tackling reverse power flows as the 

BES will charge with higher power rates during critical 

times (Figure 1a). The resulting ideal charging profile, as 

shown in Figure 1, allows automatically defining the start 

(𝛼) of the BES system charging period. The end (𝛽) of the 

charging period, on the other hand, is derived from the 

clear-sky profile and corresponds to the moment where the 
 

  
Figure 1. BES charging profile example: (a) without and (b) with 

generation gap. 

PV generation stops. Since, in practice, at any given time, 

surplus PV generation can be below that expected by the 

ideal charging profile (e.g., ‘gap’ shown in Figure 1b), the 

corresponding power charging rate is re-calculated using 

actual measurements (PV generation and demand). To 

cater for the energy mismatch created, the ideal charging 

profile is updated accordingly (generation gap, Figure 1b). 

 

The above charging strategy can only be successful if the 

BES has an adequate available capacity at the beginning of 

the charging period. To achieve this, a baseline 

discharging power rate is calculated considering the time 

at the end of the maximum PV generation profile, the 

corresponding SOC, and the time at the beginning of the 

charging period next day by which a pre-defined SOC 

should be achieved. To ensure that the customer makes the 

most of the BES system, the discharging power rate is 

updated to match the demand whenever it exceeds the 

baseline value. To still achieve the pre-defined SOC at the 

beginning of the charging period, the baseline discharging 

power is updated accordingly. 

 

It should be highlighted that the AD controller does not 

require neither forecasting nor network information; only 

information that is inputted at the time of installation 

(clear-sky generation profiles, BES system specs) and 

local measurements (demand, PV generation, SOC). The 

clear-sky generation profiles (for representative days, 

whole year, etc.) can be calculated based on the location of 

the PV installation (coordinates) and PV system 

configuration (size, azimuth and tilt). The full technical 

details, along with the corresponding algorithms, for the 

operation of the AD controller can be found in [11]. 

HOUSEHOLD-LEVEL ANALYSIS 

To demonstrate the operation of the proposed AD 

controller, a household with a 5.5kWp PV system and a 

5kW/13.5kWh (100% depth of discharge and 88% round-

trip efficiency) BES system is simulated. The demand and 

generation profiles correspond to real smart meter data. To 

adopt a realistic SOC at the beginning of the day, the 

previous day is also simulated, but the results are omitted 

for the sake of brevity. For comparison purposes, the OTS 
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Figure 2. Daily operation of the BES for the (a) OTS  and (b) AD 

controls for a sunny summer day. 

operation of the BES system is also presented. 

 

Figure 2a presents the behavior of the household with the 

OTS controller. This figure encapsulates the limitations of 

the OTS controller. Due to limited evening demand, the 

BES system has a high level of SOC when PV generation 

begins. This, coupled with the BES charging with the full 

available surplus PV generation, results in the BES system 

being full by 11am. Due to this, the BES system is unable 

to charge during the peak PV generation period (1:30pm), 

and thus the household exports the full surplus PV 

generated power (4.2kW). 

 

On the other hand, Figure 2b presents how the AD 

controller is able to overcome the limitations of the OTS 

controller. By gradually discharging during the night, the 

full capacity of the BES system can now be used to charge 

surplus PV generation. Furthermore, once charging 

begins, the BES system charges at a reduced rate, allowing 

reduced exports throughout the day which effectively 

reduces the peak exports dramatically when compared to 

the OTS controller (1.8kW). It should also be noted that 

this reduced charging rate does not affect the ability of the 

BES system to reduce household imports. The BES system 

still achieves 100% SOC by the end of the day, and 

similarly to the OTS controller, manages to make the 

household fully energy independent (i.e., all energy 

requirements supplied through locally generated energy). 

INTEGRATED MV-LV NETWORK ANALYSIS 

The performance of the proposed AD controller is now 

assessed using a real 22kV MV feeder with 79 residential 

LV networks from Victoria, Australia, owned and 

operated by the distribution network service provider 

(DNSP) AusNet Services. The MV topology and 

distribution transformer sizes are shown in Figure 3. Based 

on the capacity of each distribution transformer, the MV 

feeder is assumed to supply a total of 4,626 residential 

customers. Each 400V LV network is supplied by a 

22kV/0.433kV distribution transformer, with the off-load 

tap position at tap 1 (reducing the voltage at the secondary 

side by 5%). The LV networks have been realistically 

modelled based on the rated capacity of the transformer, 
 

 
Figure 3. MV feeder topology 

according to electrical distribution substation standards 

and design manuals [12, 13]. Each residential customer in 

the network is allocated a random profile from a large pool 

of smart meter demand profiles. The analysis considers 

100% PV and BES penetration (all households have a PV 

and BES system installed). A normalized PV generation 

profile is used for all customers. The PV system sizes are 

sized according to Australian PV installation statistics 

from 2016 onwards, where the proportion of PV 

installations with 2.5, 3.5, 5.5 and 8kWp is 10, 30, 50 and 

10%, respectively. All households use the same BES 

system, which is as defined in the previous section. The 

distribution system analysis software package OpenDSS 

[14] and Python are used to run the time-series, three-

phase four-wire power flows as well as the controllers. 

Voltage Issues 

The voltage profiles for all residential customers are 

shown in Figure 4 for both the OTS and AD controllers. 

The limit is defined based on the Australian Electricity 

Distribution Code [15], which states that a customer is 

non-compliant if the steady-state voltage (>1 minute) 

exceeds the 10% of the nominal 230V line-to-neutral 

voltage. 

 

As it can be seen in Figure 4a, the OTS controller is unable 

to reduce the voltages of customers below the statutory 

limit, with the maximum voltage recorded at 1.15pu. This 

is due to the effect previously demonstrated; the OTS 

controller is unable to reduce peak household exports, 

which in the aggregate, contribute to large reverse power 

flows that cause the voltages to exceed the statutory limit 

for approximately 10% of the residential customers. With 

the AD controller on the other hand, the voltages, shown 

in Figure 4b, are kept below the statutory limit, with the 

maximum voltage recorded at 1.095pu. As household 

exports are dramatically reduced, the voltage rise at both 

the MV and LV networks is much smaller.  

Asset Congestion Issues 

The asset congestion issues are quantified based on the 

corresponding utilization (shown as a % of the asset 

capacity) of the assets in the network (lines, transformers). 

In this analysis, the time-series behavior of the MV lines 

is presented for both the OTS and AD controls (Figure 5). 
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Figure 4. Daily voltage profiles for all LV customers 

Table I: Summary of Thermal Issues in the  Network 

OTS AD 

Max Utilization of Transformers (%) 125 68 

Max Utilization of MV Lines (%) 171 82 

Max Utilization of LV Lines (%) 105 50 

Figure 5 identifies a behavior very similar to the previously 

demonstrated voltage profiles. With the OTS controller, 

shown in Figure 5a, the MV lines are significantly 

overloaded during the peak generation period, with the 

most overloaded line operating at 171% of its capacity. 

The AD controller, on the other hand, is able to keep all 

the MV lines operating within their thermal limit, with the 

most loaded line operating a maximum of 82% of its 

nominal capacity. 

To further demonstrate the ability of the AD controller to 

mitigate thermal issues in the network, in addition to the 

maximum MV line utilization Table I also presents 

numerically the maximum utilization levels of the LV 

transformers and lines. As it can be seen, the OTS 

controller of BES systems results in overloading across all 

assets in the network. On the other hand, when the AD 

controller is used, all assets in the network operate within 

their limits. 

To visualize the aforementioned MV line and LV 

transformer thermal issues, Figure 6 presents, for the OTS 

and AD controller cases, the topology of the network 

where the transformers (i.e., circles) and lines are color-

coded based on their daily maximum utilization level. 

Considering the OTS controller case, most transformers 

experience high utilization levels, close or over their rated 

capacity. It is also important to note that the multiple and 

coincident household exports that flow towards the 

primary substation resulted in a significant overloading of 

the MV lines, particularly those at the head of the MV 

feeder. When the proposed AD controller is adopted, the 

maximum utilization of all assets remains below 100%, 

which validates the ability of the proposed controller to 

significantly reduce the household exports in the 

aggregate, and such, the corresponding technical issues.

Figure 5. Daily utilization level for all MV lines 

Figure 6. Maximum asset utilization – Topological visualization 

Figure 7. Yearly GDI levels for all residential customers 

EFFECT ON BES SYSTEM OWNERS 

The most commonly neglected analysis in studies that 

consider alternative BES system controls that operate for 

the benefit of the network is the effect that such controller 

will have on the residential customers (i.e., BES system 

owners). As the primary purpose of BES systems are to 

reduce household imports (i.e., electricity bills), adopting 

controls which hinder such ability is likely to result in a 

reduced adoption of these systems as they become less 

economically unattractive. In this study, the grid 

dependency index (GDI) is used as a proxy to quantify the 

effect on BES system owners; defined as the percentage of 

the total household energy consumption that originated 

from the grid (i.e., electricity imports).  

The previous daily analysis with 4,626 customers is 

expanded for a whole year (i.e., 365 individual days), to 

fully encapsulate the effect that the proposed controller 

will have on the BES system owners. For comparison 

purposes, the GDI of customers when no BES systems are 

installed (i.e., a PV-only case), is also presented along the 

GDI of the OTS and AD controls in Figure 7. 
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What can be observed is that when OTS BES systems are 

used, there is a significant reduction in the GDI of 

customers, particularly in spring and summer, as the 

surplus PV generation is no longer fed back to the grid but 

used to supply the demand during periods of low or no 

generation. With the proposed AD controller, a small 

increase in the GDI of customers can be observed when 

comparing with the OTS controller, which can be 

identified as a limitation of the proposed controller. 

However, this increase is rather insignificant when 

compared to the overall reduction that the AD controller 

still offers from the PV-only case. 

CONCLUSIONS 

This work proposes an adaptive decentralized (AD) 

controller for residential BES systems to significantly 

reduce household peak power exports; directly tackling 

reverse power flows which contribute to voltage and asset 

congestion issues in distribution networks. 

 

As demonstrated in this paper, using as case study a real 

Australian MV feeder with 79 realistically modelled LV 

networks as well as smart meter demand and generation 

data, the proposed AD controller effectively overcomes 

the limitations of the OTS, mitigating all voltage and asset 

congestion issues in the network. Furthermore, it was also 

shown that BES system owners experience similar levels 

of grid import reductions with the proposed AD controller 

when compared to the OTS. 

 

Considering the significant network and customer benefits 

brought by the proposed AD controller, there is an 

opportunity for regulators and/or DNSPs to require BES 

system manufacturers to incorporate similar controllers as 

the standard operation; as it has already been seen with 

certain PV inverter functions (e.g., Volt-Watt) that are 

required to be enabled in some parts of the world. In fact, 

Energy Networks Australia in collaboration with CSIRO 

have recently published documents that identify that such 

behind-the-meter solutions could potentially save up to 

AU$13b over the next decades in Australia alone [4]. 
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