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1. Executive Summary 
As wind and solar replace conventional generation, the critical function that conventional 
synchronous machines play in keeping frequency stable in our power systems is being removed. 
Distributed Energy Resources (DER) have the potential to provide frequency support, thus enabling 
higher levels of renewables. This opportunity is particularly evident in Australia, which has a high and 
increasing uptake of distributed generation and storage. However, extracting this capability without 
violating limits of distribution networks will become a significant challenge as the penetration of DER 
in networks increases.  This project addresses the following key questions: 

• What level of frequency stability services can network hosted DER collectively provide for power 
systems containing increasing renewable generation mix? 

• How can DER FCAS interface with existing market structures or how should the markets evolve? 
• How can DER be optimally dispatched to ensure frequency-response capacity while respecting 

network and DER constraints? 
We first define and develop models suitable for simulation of power system transient response after 
a major loss of load or generation contingency event. In Section 3 of the report we introduce and 
utilise these models of conventional generators and of inverter-backed aggregated DER to represent 
a power system using a lumped, network-free approach. This approach is suitable for the assessment 
of the capabilities of DER and the impact of DER characteristics and control settings on providing 
frequency response in high renewables and low-inertia systems, though we also recognise that this 
approach does not address some of the other challenges associated with removing synchronous 
generation – including lack of system strength, voltage stability, reduced fault current delivery, and 
potential for increased inter-regional oscillations. We show, by applying our model to a recent major 
Australian contingency event, the ways in which the system frequency response will change as 
renewable penetration increases and in the absence of a replacement for the frequency response 
provision of synchronous generators – higher rate of change of frequency, larger frequency extremes, 
longer settling times and increased oscillatory behaviour. 
We then investigate in detail the impact of adding Battery Energy Storage Systems (BESS), or 
equivalent amounts of aggregated DER, enabled for primary frequency control (PFC). We report in 
Section 4 on modelling scenarios with very high penetration of renewables and very low inertia in the 
Australian National Electricity Market (NEM) (in the range 0 – 20% synchronous generation only) and 
we examine the impact of BESS/DER capacity, control settings (droop and dead-band, synthetic 
inertia), and converter control methodologies (grid-following versus grid-forming inverter control). 
Simulations are based on the projected level of system inertia and synchronous generation in the NEM 
in 20+ years’ time, where a renewable energy generation dominated system is supported by a minimal 
amount synchronous generation only (conventional gas generation, hydro generation or by fixed-
speed pumped hydro).  
We demonstrate that it is possible to control system frequency to within tight limits, but that the 
amount of PFC-enabled battery or DER capacity required to ensure that depends largely upon how 
aggressive the control droop constant and dead-band settings are. Given the likelihood of increased 
frequency and severity of contingency event excursions in future, we consider the amount of 
frequency-enabled DER or BESS that will be required to ensure frequency stays within the normal 
operating frequency excursion band (49.75 – 50.25 Hz) after a 750 MW loss of generation contingency 
event. We show that with current dead band and droop standards for BESS PFC this can only be 
achieved with large amounts (> 10 GW) of BESS or DER enabled for PFC. More aggressive control 
settings (small dead-band, high droop constant, and low time-constant battery system) can, on the 
other hand, lead to PFC-enabled capacity of as little as 1 GW being required to successfully contain 
frequency within these tight bounds. We show that inclusion of synthetic inertia (or derivative control) 
in BESS/DER control algorithms provides valuable damping and can lead to marked improvements in 
frequency containment, and thus a requirement for less PFC-enabled BESS/DER. The degree of 
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usefulness of synthetic inertia control is generally limited though to the scenario where variable 
renewable generation capacity is very high, and it offers slight advantage only when aggressive 
BESS/DER droop control settings are employed. Similarly, grid-forming BESS/DER offers significant 
advantages for very high renewable scenarios, courtesy of its inherently fast response, but we show 
that this advantage is eroded for anything less than very high instantaneous penetration (i.e. < 90 – 
95%) and that this is especially the case if the conventional grid-following DER/BESS is fast-responding 
and enabled with aggressive control settings. Our simulations focused on mixed scenarios, where 
some synchronous generation is always present, but trends indicate the obvious conclusion that if 
100% instantaneous non-synchronous renewable generation could only be achieved if a minimum 
amount of grid-forming BESS/DER were employed. 
After establishing the capability and behaviour of frequency response from DER, we next investigate 
how to provide this service to the market. Section 5 presents the challenges in this space including the 
risks of overloading distribution networks, conflicting preferences of the entities involved and 
coordinating overwhelming numbers of active participants. We develop a set of requirements for an 
efficient and pragmatic framework to integrate customers, aggregators, networks and the wholesale 
markets. The focus is on solutions that require minimal changes to the existing NEM Dispatch Engine 
(NEMDE) design, where aggregators bid into the market on behalf of DER owners while coordinating 
their bids with a distribution system operator (DSO). As part of this, we identify the need to aggregate 
DER at the market level but work with individual customers at the network level. 
Section 6 then presents the design of two alternative frameworks, which we label consensus and 
sequential frameworks, to fulfill the requirements set out in Section 5. The consensus framework sets 
up an iterative negotiation between aggregators and a DSO for each dispatch interval, through which 
they come to a consensus solution for a set of network-secure bids the aggregators can offer to the 
wholesale market. The sequential framework simplifies this down to a single iteration per dispatch 
interval, but by doing so it risks coming up with a sub-optimal allocation of network capacity to 
aggregators. In the end this risk did not eventuate for our test case studies, with both frameworks 
producing similar outcomes. 
These solutions relate to the ongoing work on dynamic operating envelopes. However, one advantage 
over other techniques that are being investigated in this space is that we factor in the preferences and 
intentions of customers and aggregators when it comes time to allocate the limited network capacity. 
By doing this the network capacity gets allocated to those that will provide the most valuable market 
services. This is particularly important when there is high diversity in terms of customer behaviour, 
their agreements with aggregators, the DER they own, and their location-based influence on the 
network. 
Our experiments demonstrate that both frameworks can coordinate energy and FCAS market bids 
successfully with the DSO, so that the network’s constraints will be obeyed no matter how NEMDE 
clears or what frequency response is called on afterwards. Importantly, this coordination within the 
network’s limits is done in a way to minimise the impact on aggregators and hence maximise the value 
they can provide to the market. Even for large numbers of DER leading to a highly contested network, 
for example 100% of customers with PV and 40% of customers with batteries, aggregators were still 
able to achieve a profit that was 87% of the hypothetical case where the network had no restrictions. 
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1.1 Recommendations for further work.  
The focus of this study was contained to investigation of system response using a lumped model 
approach and from aggregated DER, and optimal scheduling was applied to a limited number of 
distribution network and market case studies. There are numerous logical extensions of this work, and 
several new areas that would be very valuable to explore and include in further detailed investigations. 
The following provides some guidance for areas where further work would be valuable: 

 Investigation of frequency response in the Australian power system with a variety of different 
DER types and response features along with a mix of other frequency response enabled 
resources. 
 

 Inclusion of appropriate transmission network models in transient response simulations, 
including investigation of optimal location of frequency-response enabled resources and 
examination of possible inter-area oscillations. 
 

 Investigation of frequency response from DER on distribution networks in close proximity to 
simultaneously occurring and realistic fault conditions in the transmission network. 
 

 Investigation of a more diverse range of distribution network case-studies and market 
conditions, including wider range of distribution network topologies, diverse mix of customers 
and DER types, unbalanced networks and diverse energy and FCAS market prices. 
 

 Inclusion of real pricing constraints and application of an appropriate pricing mechanism for 
aggregators and DER owners on distribution networks, and investigation of their impacts on 
DER scheduling, instead of locational marginal prices used for coordination mechanism only. 
 

 Investigation of the impact of forecast uncertainty (of market prices, network demand, local 
demand and distributed generation), and the development of a robust and suitably efficient 
scheduling optimisation algorithm based on inclusion of forecast uncertainty. 
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2. Introduction 
The Australian power system is changing rapidly, as conventional thermal power stations are retired 
and as solar and wind generation is increasingly deployed. It is expected that within 20 – 30 years the 
Australian power system, like many other large interconnected systems, will be dominated by non-
synchronous renewable generation. The Australian Energy Market Operator’s (AEMO) 2020 
Integrated System Plan (ISP), for example, projects that by 2040 the Australian system will host 
between 42 and 66 GW of solar and wind generation capacity, roughly double the typical system 
demand [1]. Some authors, meanwhile, anticipate a system by 2050 served entirely by renewable 
energy, supported by dispatchable storage [2]. Under these scenarios, conditions will regularly see 
available non-synchronous generation meeting or exceeding total demand, and thus requiring 
curtailment to a degree which at least facilitates a minimum amount of synchronous generation and 
only a small amount of inertia in the system. This remaining synchronous generation may be provided 
by conventional thermal generation, hydro generation or fixed speed pumped hydro in either 
generating or pumping mode. It is in this state that the power system will be most vulnerable to 
frequency stability problems, and hence it is these conditions which we use as the basis for studies 
conducted in this paper.  
The current and anticipated trajectory of synchronous generation and inertia in the NEM is a useful 
way of putting into context the conditions that form the basis for our Distributed Energy Resources 
(DER) frequency response investigations in this study. Firstly Figure 1 charts the evolution of 
synchronous generation and inertia, based on the median inertia level in the mainland NEM and the 
average output from synchronous generation in a given year, both using recently observed NEM data 
and using anticipated conditions from data contained in AEMO’s ISP 2020 for the Central and Step 
Change scenarios [1]. Figure 2 then shows this trend, for both median and minimum inertia levels, 
with the range of conditions considered in the frequency response simulations in this study.  

 
Figure 1. Observed (blue) and predicted (yellow and red) median inertia level vs average synchronous 

generator (SG) output in the mainland NEM (Note: modelled 2040 inertia levels are not publicly 
available, and hence data points shown are based on modelled generation observed trend only) 
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Figure 2. Median and minimum inertia level vs average synchronous generator output, with the 

region of interest shown corresponding to transient response simulations used in this study. 

Under such future scenarios, characterised by very low levels of inertia and very small amounts of 
synchronous generation operating, the system is far more exposed to frequency stability problems. 
Furthermore, the amount of conventional synchronous generator reserve available to respond to 
frequency excursion will be generally inadequate to maintain frequency within operating standards. 
Thus, it is clear that under such scenarios there will be a requirement for frequency response to be 
sourced from reliable alternatives. Frequency response may be provided from a number of different 
resources that are likely to be present in considerable quantities in the NEM generation environment 
and timeframe being considered in this study. Chief among them will be utility-scale battery systems, 
having already in recent years been shown to be able to contribute strongly to frequency response, 
pumped hydro storage systems, widely expected to be a significant element of dispatchable storage 
in the future system, and DER such as Photovoltaic (PV) systems, Electric Vehicle (EV) chargers, battery 
systems and flexible, controllable loads. In Australia, DER uptake has been quite high to date, 
benefited by the advantages that behind-the-meter generation and flexibility has in the retail 
electricity tariff environment. In this study we primarily investigate the use of DER for providing 
frequency control in future power systems where distributed resources .  
The challenge for harnessing DER to provide power system frequency response is twofold: DER is 
typically owned and operated by individuals and the primary functionality of the DER is to serve the 
best interests of those energy consumers; and, DER is by its nature only useful for frequency response 
when aggregated to a significant volume and then operated collaboratively. Furthermore, in 
distribution networks that contain many DER it often will not be possible to reserve and operate DER 
capacity to provide frequency response without violating network limits. Thus coordination of DER 
within the constraints of distribution networks will be essential. In this study we focus on how DER 
can be coordinated on DER-rich networks in order to provide adequate reserve capacity for frequency 
control. 
  

Basis of simulations for this study 
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2.1 Report layout  
Section 3 of this report details methods used for simulating bulk power systems using aggregated or 
lumped models for conventional generators and inverter backed DER or battery systems. A validation 
of the lumped approach is provided, based on matching the modelled system performance after a 
recent historical major contingency event in the Australian system with published actual data. In 
Section 4, the frequency response of the Australian power system under future scenarios of high and 
very high renewable generation is investigated, and the quantity of and control settings required for 
inverter-based resources (DER / battery) are determined. In section 5 the challenges of coordinating 
DER on networks is presented, including the risks of overloading distribution networks, conflicting 
preferences of the entities involved and coordinating overwhelming numbers of active participants 
and a set of requirements for an efficient and pragmatic framework to integrate customers, 
aggregators, networks and the wholesale markets is developed. Finally, in section 6 the design of two 
alternative frameworks for DER coordination are presented, labelled as consensus and sequential 
frameworks, their performance investigated and a demonstration of how they can be used to ensure 
that DER can be efficiently coordinated on constrained networks to provide reserve capacity for 
frequency response via FCAS markets. 
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3. Modelling frequency response in DER-rich 
systems 

In this work we look at how fleets of DER can be used to respond to system frequency disturbances. 
DER are characterised by a power electronics interface that connects the energy source/sink to the 
distribution network and wide power system. Operation is managed by high-speed switching of power 
electronics circuits, with control of the timing of switching determining both power and reactive 
power flow into / out of the power system. In order to understand, on very short timescales, how DER 
can and will react in a simulated power system undergoing transient behaviours, detailed models of 
key DER power electronics devices are developed and incorporated into electromagnetic transient 
modelling of the power system. In these simulations, models of conventional generators and their 
control are included, and scenarios explored corresponding to different levels of renewable 
generation and active DER in the system.   
To reduce simulation complexity, generators with like features and characteristics are combined 
together into single lumped models and DER are also modelled in aggregate. Transmission and 
distribution network models are not included in this modelling approach. This is a sound approach in 
this case because frequency transients propagate very quickly across real networks (hence the 
assumption that frequency is the same at the terminals of all generators and DER allows lumped 
models respectively), and because it is assumed that adequate reserve capacity (enabled to yield 
frequency response) will have been dispatched within the wider transmission constraint. It is further 
assumed that the DER within networks that is enabled for frequency response will be dispatched 
within distribution network constraints, which itself is one of the key objectives of this project. 

3.1 Power system frequency modelling approach with DER 
response.  

In this frequency response component of the study we simulate the power system dynamic response 
for a system that consists of a lumped SG and lumped, aggregated DER, where either one or both 
provides PFC in response to a loss of load or generation contingency event.    
While the replacement of conventional SGs with inverter-backed DER will, generally speaking, 
introduce many new challenges, including but not limited to system strength, fault level and 
protection system adequacy, voltage stability and angular stability between interconnected regions , 
in this work we focus on the role of DER in providing frequency stability only. Our overarching 
questions are, notwithstanding these other challenges, how much dispatchable DER will be required 
to support frequency in a renewable energy dominated power system, and what response features 
and control settings should that DER have in order to best achieve this?   
The lumped model approach and the use of network-free simulations is justified in this work since we 
intend to establish a deeper understanding of the most influential parameters associated with DER 
providing frequency response, independent of these other challenges noted earlier. For perspective 
and context, we base our lumped models and scenarios to be consistent with the NEM. 
In order to model system response with frequency control provided by both conventional generators 
and DER requires definition of and/or establishment of appropriate models for each. We use well-
established conventional generator models and then develop and use appropriate models for several 
DER types. 

3.2 Generator and DER modelling 
Three types of conventional generating units including steam turbines, Combined-Cycle Gas Turbines 
(CCGT) and hydro generating units are modelled for us in simulations. In the following sub-sections, 
the models for different synchronous generators and energy sources are discussed. 
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3.2.1 Conventional synchronous generator models for thermal generators 

Generators (SGs) shown in Figure 3 are modelled using two types of equations including as static and 
dynamic. Static equations are used to evaluate all constants parameters of SGs. Dynamic equations 
are used to achieve actual electromagnetic characteristics in SGs. The synchronous machine can be 
developed by writing equations, which represents the following equivalent circuits. 

 
Figure 3. Stator and rotor circuits of a synchronous generator 

Excitation systems of SGs is represented by using a set of transfer functions including sensor, rectifier, 
amplifier exciter and etc. The PID controller is used to improve the dynamic response as well as reduce 
steady-state error. The derivative controller adds a finite zero to the open-loop plant transfer function 
and improves the transient response. The integral controller adds a pole at origin and increases the 
system type by one and reduces the steady-state error. A generic model of excitation system is used 
in SG models, as illustrated in Figure 4. 

 
Figure 4. Generic model of an excitation system employed in SG model 

The governor and turbine models are represented by simplified transfer functions in order to include 
their time constants. The time constants correspond to configuration and type of speed-control 
systems of SGs which can be for example a Steam Turbine or Combined-Cycle Gas Turbines (CCGT). In 
fact, the steam turbine and its governor response can be modelled by using a range of governor and 
turbine time constants. Typical range of inertia value, governor and turbine time constants for steam 
turbines and CCGT are presented in the following Table. 

 

Table 1. Inertia Value, Governor and Turbine Time Constants of the Different Generating Units 
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Generating Unit (MWs per MVA) Time Constant 

Steam 2.5 – 6 Governor ~ 0.2 – 0.4 s 
Turbine ~ 0.3 – 0.7 s 

CCGT 4 – 10 Governor ~ 0.3 – 0.5 s 
Turbine ~ 0.4 – 0.9 s 

 
When a change in load or generation occurs, frequency changes. Therefore, the governor position 𝛥𝛥𝑃𝑃𝑔𝑔 
is adjusted to a new value to regulate the valve position of the turbine 𝛥𝛥𝑃𝑃𝑣𝑣, which is modelled as a first-
order response with a time constant of the governor 𝑇𝑇𝑔𝑔. Consequently, the level of mechanical power 
presented to the generator 𝛥𝛥𝑃𝑃𝑚𝑚 changes according to the first-order response of the turbine with a 
time constant of the turbine 𝑇𝑇𝑡𝑡. The characteristics of change of power output of the generator as the 
system frequency change are known as speed-droop characteristics or speed-governor characteristics. 
The well-established method of frequency control is called droop control, with the coefficient of droop 
control denoted by 𝑅𝑅 . The speed-droop (speed regulation) characteristic is obtained by adding a 
steady-state feedback loop around the governor and the turbine as shown in Figure 5.  

 
Figure 5. Typical primary frequency controller of a power system 

3.2.2 Hydro / pumped hydro generator models 
In hydro turbines, when sudden gate-open occurred in hydraulic system, mechanical power output is 
dropped for a short period of time due to water time constant or water starting time of penstocks. 
Therefore, in order to control mechanical power output when sudden gate position change occurs, 
detailed models of special hydraulic governor control systems are developed using differential 
equations. The models consist of several transfer functions representing actual hydraulic governors’ 
characteristics including transient droop, servo motor (pilot valve), gate control motor etc. The linear 
model of the hydraulic turbine with non-elastic water column is expressed as follows:  

∆𝑃𝑃𝑚𝑚
∆𝑃𝑃𝑔𝑔

=
1 − 𝑇𝑇𝑤𝑤𝑠𝑠

1 − 0.5 𝑇𝑇𝑤𝑤𝑠𝑠
 

where ∆𝑃𝑃𝑚𝑚  is a normalised value of the change in mechanical output power due to normalised 
variation in gate-position ∆𝑃𝑃𝑔𝑔. The water starting time or water constant of the hydraulic turbine 𝑇𝑇𝑤𝑤 
can be expressed as: 

𝑇𝑇𝑤𝑤 =
𝐿𝐿𝑈𝑈0
𝑎𝑎𝑔𝑔𝐻𝐻0

 

where 𝑇𝑇𝑤𝑤 presents the time required to accelerate the water from standstill to a velocity of 𝑈𝑈0 in the 
penstock with a head of 𝐻𝐻0. 𝑎𝑎𝑔𝑔 and 𝐿𝐿 are the gravitational acceleration and length of the penstock, 
respectively. Typically, 𝑇𝑇𝑤𝑤 is between 0.5s to 4s at full load. 
Because of the initial inverse response characteristics of power to gate changes, hydro turbines 
require provision of transient droop features in the speed control system for stable control 
performance. The term transient droop implies that, for fast deviations in power system frequency, 
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the governor exhibits a high regulation (low gain) while for slow changes and in the steady state 
condition, the governor exhibits a normal low regulation (high gain). The detailed typical governor and 
the turbine gate controlled by a two-stage hydraulic position servo are shown in Figure 6. 

 
Figure 6. Detailed model of a governor control and turbine 

𝑇𝑇𝑝𝑝 , 𝑇𝑇𝑔𝑔  and 𝑇𝑇𝑟𝑟  are pilot valve and servo motor time constant, main servo time constant or gate 
servomotor time constant and reset time or dashpot time constant, respectively. 𝑅𝑅𝑡𝑡 is transient droop 
constant. Permanent droop or speed droop constant is presented by 𝑅𝑅𝑝𝑝. Due to the unusual output 
mechanical power dynamic characteristics of the hydraulic turbine, it is necessary to increase the 
regulation under fast transient conditions in order to achieve a stable speed control. This is achieved 
by a parallel transient droop branch with washout time constant presented by 𝑇𝑇𝑟𝑟. The transient droop 
slows down the gate movement during a fast change of speed. 𝑅𝑅𝑡𝑡 is calculated using the following 
expression. 

𝑅𝑅𝑡𝑡 =
𝑇𝑇𝑇𝑇
𝐻𝐻

[1.15− (𝑇𝑇𝑤𝑤 − 1)0.0075] 

where, 𝐻𝐻  is the inertia constant of machine connected to the hydro-turbine. The reset time 
constant 𝑇𝑇𝑟𝑟 of the hydro-turbine is calculated as follows which is defined in terms of 𝑇𝑇𝑤𝑤. 

𝑇𝑇𝑟𝑟 = 𝑇𝑇𝑤𝑤[5 − (𝑇𝑇𝑤𝑤 − 1)0.5] 
 

3.2.3 Voltage Source Converter (VSC) model for DER providing frequency 
control 

The majority of foreseeable DER types that might be employed for fast acting frequency control 
consist of, at the final stage of connection to the electricity grid, a Voltage Source Converter (VSC) 
inverter and inductive filter. The converter uses a high frequency Pulse-Width Modulated (PWM) 
device switching scheme (the details of which are typically proprietary and differ somewhat for each 
converter manufacturer) to produce an appropriately grid-matched AC voltage and frequency from a 
DC link voltage. The DC voltage is typically supplied from a DC power source and/or sink, which may 
be a stand-alone battery, an electric vehicle battery or an array of solar panels. Each of these DC 
sources/sinks will typically have its own power electronics controller, which manages the energy 
source/sink to, in combination with the DC link capacitor, supply the VSC converter with a constant 
voltage. The converter PWM switching can be operated in such a way that both the real and reactive 
power magnitude and direction in and out of the converter can be controlled, provided the energy 
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source/sink facilitates bidirectionality. It is this feature of the converter, which allows it to be rapidly 
manipulated in order to respond to changing system frequency.  
It should be noted that the speed of power electronics switching of the VSC converter itself is not the 
limiting factor when it comes to effecting rapid changes in power output of the converter backed 
resource, since this switching is done on a microsecond scale and is able to be altered in only a small 
fraction of a 50 Hz cycle. Rather it is limited by the speed at which the energy source / sink can respond 
(usually characterised by its first order time constant) and the converter control scheme used. For 
battery systems, the response time constant has been reported as low as, in one documented case 
the US Department of Energy’s National Renewable Energy Labs (NREL), 20 – 40 ms [3].  
In this study, DER grid-connected inverters are modelled using direct-current vector control (DCVC) to 
control the current reference of the dq-axis of the Synchronous Reference Frame (SRF). Since the 
inverter follows the grid phase-angle and frequency, the SRF adjusts the inverter response at the point 
of common coupling. Figure 7 shows the arrangement of the grid-connected three-phase inverter 
used to model BESS and other DER with DC energy source/sink. 
 

 
Figure 7. Block diagram for grid-connected inverter model with DC source/sink (battery or similar) 

 
By considering the relationship voltage and current measured / observable at the point of common 
coupling (the grid) and the voltage and current immediately on the unfiltered, output stage of the 
PWM inverter, it is possible to derive control equations which define the reference signal (in dq form) 
required to operate PWM switching. This can be represented in control block form suitable for use in 
transient simulations (used extensively in this study) [4][5]. This control diagram, in Figure 8, now also 
includes frequency control, with both proportional (droop) and derivative control (synthetic inertia) 
included along with a frequency dead-band to limit frequency response to cases where deviations are 
larger than this defined threshold. Similar droop control (not shown here) can be added to the input 
reference for Iq, in order to correct deviations in measured voltage from a nominal or set-point value. 
 
 
 
 

Vq’ 

Vd’ 
Id* 

Vq Vd 

Iq 

Id 

  

  

  

Rf Lf 

Vdc 

abc/dq 

PLL 

  
SRF 

  

Iq* 

- 

- 

Vq Vd 

dq/abc 

PWM 

  

BESS 

ia 
ib 

iv 

Vfa 

Vfb 
Vfc 



 

18 Optimal DER Scheduling for Frequency Stability – Study Report 
 

 
Figure 8. Integrated droop control with direct current control (DCVC) for active power control  

 

3.2.4 Thermal load type DER and frequency response capabilities. 

In this study we focus our simulations and report on DER types that are most likely, in our view, to be 
engaged in future to participate in Frequency Control Ancillary Services (FCAS) markets and provide 
frequency response from within distribution networks. Battery systems, EV chargers (both mono- and 
bi-directional) and PV systems are all likely to be included in any DER aggregator’s plans to provide 
frequency control. These are each supported by similar configuration of VSC inverters and means of 
control and so our simulations reported in Section 4 are all based on use of this converter type.  
However, it is worth mentioning other types of DER which could still potentially be used to provide 
frequency control services. Thermal loads, such as hot water and space heating and cooling are only 
required to deliver a quantity of energy over a period of time, and thus their interruption or modified 
behaviour (reduced demand for periods of time when participation in frequency control is valuable) 
can be arranged to have no effect on the end consumer. Loads such as these can operated in a 
deliberately curtailed manner so that they can subsequently either increase or decrease their power 
consumption in response to rising or falling frequency respectively. We have developed models and 
performed simulations to show that both resistive element hot water loads and heat pump / air 
conditioner compressors driven by induction motors can be utilised effectively as part of an 
aggregated DER load to provide primary frequency control and produce a system response that is 
superior to response provided by conventional generator only. Some details are provided in Appendix 
2, but these DER types are not addressed further in this report. 
 

3.3 Validation of modelling approach via 2018 Queensland 
separation event  

We demonstrate that the frequency response from a lumped model approach can effectively 
represent the response of a real system, provided that model parameters used suitably reflect the key 
characteristics and state of the system at the time. We use the Queensland separation event which 
occurred in 2018 [6]. The Queensland-New South Wales Interconnector (QNI) was exporting nearly 
857 MW from QLD to NSW at the time of the event, meaning that the QLD system frequency first rose 
to 50.9 Hz before settling at 50.6 Hz. At the time of separation, the generation mix in QLD was 
dominated by thermal coal based SGs, with these being able to deliver adequate primary frequency 
response to stabilise frequency. 
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We use a simplified power system model to represent the QLD system and simulate the separation 
event; the system mode is shown in Figure 9, and contains two lumped SGs to represent the total 
synchronous generation in QLD at the time (7490 MW) [6], one with and without primary frequency 
control enabled. In the simulation the generators and loads are connected at a voltage controlled 132 
kV bus, but this voltage is in fact arbitrary in the network-free simulations. Capacity of SG1 and SG2 
are based on minimum reserve requirements and minimum generation levels, which are reported to 
be between 26% and 40% for Queensland generators [7]. The minimum regional reserve requirement 
for the QLD system is stated by AEMO as 666 MW [1]. By considering these constraints, for both 
frequency raise and lower requirements, the capacity of SG1 (PFC enabled) is determined, with the 
remaining generation output allocated to SG2 (not enabled for PFC). The inertia for SG1 and SG2 are 
proportionally calculated from the total QLD system inertia (26,800 MWs at the time of the event), 
based on their respective generation capacities. The droop constant applied to SG1 for simulations 
corresponds to the final steady-state frequency error observed after the separation event. 
 

 
Figure 9. A simplified power system model with two lumped SGs and NSGSs, representing the 

QLD power system 
Figure 10 shows the measured and modelled frequency (right), and the combined power output from 
synchronous generators (left) during the event. The simulated response generally matches well the 
observed response, with the only major difference being in how quickly frequency returns from its 
peak value back to steady-state. Close inspection of the published measured data from the separation 
reveals a variety of both delay in response and ramp rates of individual SGs, as well as quite varied 
behaviours of different PV curtailment schemes in operation. It is not possible to include all these 
different individual generator response behaviours in a lumped model approach, and therefore the 
detailed response of our model will be different to observations. There was also insufficient data 
available to allow precise modelling of the curtailment response of each of the different PV systems 
operating at the time. Hence our model, which uses a simplified PV system response, yields these 
differences in frequency response. Nonetheless, the comparison is useful in demonstrating the validity 
of the modelling approach being used in this study, particularly when being applied to future scenarios 
where it would be difficult to model variation in and unexpected or non-standard type frequency 
responses from individual generators. 
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(a) 

 
(b) 

Figure 10. Simulated and observed data for the 2018 Queensland separation event: (a) active power 
response of SGs and (b) frequency response of QLD power system 

 

3.4 Frequency Operating Standards in the NEM 
The objective, for any arrangement of primary frequency control being provided by DER, is to ensure 
that the power system operates within the Frequency Operating Standards (FOS) at all times. Figure 
11 shows the Frequency Operating Standards for the mainland NEM. Over Frequency Generator 
Shedding and Under Frequency Load Shedding (UFLS) occur between 51 Hz – 52 Hz and 49 Hz – 47 Hz, 
respectively [8], and this must therefore be avoided at all times (particularly UFLS). Any time that 
frequency falls outside of the Normal Operating Frequency Band (NOFB), currently 49.85 – 50.15 Hz, 
in response to a contingency event, this is when DER or any other primary frequency control devices 
are required to respond rapidly. 

 
Figure 11. Frequency operating standards - Mainland NEM (Source: [8]). 

 

 

4. Frequency response in renewable energy based 
power systems with DER frequency control 

In this section we simulate the frequency response of the Australia power system under scenarios 
with very high penetration of renewable energy generation (non-synchronous generation) and thus 
very low inertia, where frequency control is provided inverter back resources such as DER.  
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Firstly, we briefly demonstrate the impact on system frequency as the system evolves away from 
synchronous generation and towards renewable generation. We do so both for the case where 
synchronous generators only provide primary frequency control and also in the case where DER (such 
as battery systems) are enabled to provide primary frequency control. We employ the same case study 
as presented in Section 3.3, the Queensland separation event, since this provides a simpler generation 
mix trajectory and enables direct comparison with the recent event itself. 
We then focus on whole of NEM simulations, using future scenarios only that include very high 
penetration of renewables and minimal inertia in the system. It is expected that within 20 – 30 years 
the Australian power system, like many other large interconnected systems, will be dominated by non-
synchronous renewable generation. The ISP, for example, projects that by 2040 the Australian system 
will host between 42 and 66 GW of solar and wind generation capacity, which is considerably more 
than typical system demand [1]. Some authors, meanwhile, anticipate a system by 2050 served 
entirely by renewable energy, supported by dispatchable storage [2]. Under these scenarios, 
conditions will regularly see available non-synchronous generation meeting or exceeding total 
demand, and thus requiring curtailment to a degree which at least facilitates a minimum amount of 
SG in the system. This SG might be provided by conventional thermal generation, hydro generation or 
fixed speed pumped hydro in either generating or pumping mode. It is in this state that the power 
system will be most vulnerable to frequency stability problems, and hence it is these conditions which 
we use as the basis for studies conducted in this study. In our simulations we define a minimum 
amount of SG, based on satisfying the minimum reserve level specified for 2040 by AEMO [1], 
equivalent to approximately 3% of total demand. We then introduce varying amounts of dispatchable 
DER which is enabled for fast acting primary frequency control. This is the basis for our scenario 
simulations, where we separately investigate three different DER control modes: 1. Droop control only, 
with a range of battery response times and droop control settings; 2. Droop control with synthetic 
inertia; and, 3. Grid-forming mode versus grid-following mode inverter backed resources. 
 

4.1 Evolution of frequency response in systems with increasing 
renewable generation – the Queensland separation event re-
visited 

At the time of the separation event in 2018 the instantaneous penetration of solar and wind in 
Queensland was about 19%, with the remainder being met from coal-fired thermal generating units. 
We ask the question, what if the same event occurred some years later when the renewable 
penetration was much higher (and the thermal generation correspondingly lower). The evolution of 
the Queensland system may be considered to be simpler than for the NEM as a whole, owing to the 
more homogenous mix of conventional generators operating in the system. Generally, when there is 
high generation output from wind and solar (the case at the time of the separation) the remaining 
generation is from black coal power stations. These have similar characteristics and so, with increasing 
renewable penetration we can modify our lumped model by simply making the corresponding 
reduction in synchronous generator capacity and output. 
The same simplified, lumped system model for the Queensland system is now shown in Figure 12, 
with the additional of lumped DER (lumped VSC based BESS). We run simulations at 40%, 60% and 
80% penetration from renewable energy, first with no response from DER / BESS. To ensure a 
reasonable comparison, in all cases we retain the same capacity of SG with PFC enabled (2.0 GW of 
thermal capacity, operating with 1.33 GW generation output). 80% renewable generation corresponds 
approximately to all of the remaining SG in the system providing PFC, and so it yields the best possible 
response that could be achieved without PFC also being provided from elsewhere.  
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Figure 12. Lumped Queensland power system model, with addition of battery system for PFC 
The frequency response of the system, for a separation event of the same magnitude in 40%, 60% and 
80% RE penetration is shown in Figure 13. We can see a worsening response, in terms of rate of change 
of frequency, frequency zenith (overshoot), frequency oscillation and settling time. For anything 
above 40% renewables we would see OFGS triggered. This system response for high renewable 
penetration can be considered to be unacceptable and will need to be avoided. In fact, for any future 
system with high wind and solar penetration, an over frequency event such as this would not 
necessarily be a major problem, with over frequency generator shedding being of no or little 
disruption to energy customers. It will however be challenging from a control point of view and is 
undesirable. Furthermore, a loss of the interconnector at a time of import into Queensland (or a loss 
of a generator if islanded) would result in the same type of frequency response but with frequency 
reducing after the event and thus potentially triggering load shedding for high renewable generation 
scenarios. Thus, additional PFC does need to be provided by other sources, with DER / BESS being a 
highly suitable and likely approach in future. 

 
Figure 13. Frequency response following simulated Queensland separation (as per 2018 event) 

with current (~19%), 40%, 60% and 80% renewable generation and PFC only provided by 
synchronous generation. 

 
The same system response when PFC enables battery capacity of 500 MW is added, a lumped battery 
unit in our model which could equally represent 500 MW of aggregated DER, is shown in Figure 14. 
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The BESS operates with a dead-band of 0.15 Hz, meaning that in this case there is no response until 
the frequency deviates outside of the normal operating band. The power output of the battery 
systems, in providing frequency response, is also shown. Five sets of simulations are provided here, 
with BESS droop constant ranging from low (50 - consistent with droop response currently able to be 
provided by relatively slow responding synchronous generators) up to a moderately high value, which 
can enable greater use of fast response that is possible from power electronics driven resources such 
as batteries. The addition of PFC provided by battery systems makes an enormous difference to the 
frequency response of the power system. Naturally, the rate of change of frequency immediately after 
the event is the same with and without BESS, but in all cases the frequency zenith is greatly reduced, 
the oscillation is largely removed, the settling time is a lot less and the final frequency is much closer 
to the normal frequency operating band limit of 50.15 Hz. A higher droop allows a faster power output 
from the battery / DER and results in a decreasing peak frequency, faster settling and reduced final 
frequency deviation. Despite the battery reaching maximum output rapidly, the control still operates 
appropriately, and frequency is quickly brought to steady state. Interestingly, because the system 
contains only low inertia, the battery system is able to provide a very fast response and use its rapid 
responding capabilities. The same battery system operated in a power system with a much larger level 
of inertia, as with the Australian power systems today, will not provide such a fast response regardless 
of how high a value of droop is employed, since it would be required to ‘wait’ until frequency deviates 
enough to elicit the response. A high droop constant for a fast-responding inverter-backed resource 
has little extra value today, but can provide a considerable advantage in a system with low inertia. 

 

 
Figure 14. Frequency response (top) following simulated Queensland separation with 80% 

renewable generation and PFC provided by SG and 500 MW BESS using different droop 
proportionality constants, and BESS power output (bottom; not different time scale) 
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4.2 DER providing primary frequency control with conventional 
droop control 

In this section we examine in more detail the impact of BESS droop control settings on power system 
frequency response, under a scenario of very high levels of non-synchronous RE penetrations. 
Requirements of BESS operational parameters for enhancing primary frequency response in future 
power system scenarios are investigated in detail. This report also examines the optimal required 
capacity requirement of BESS to maintain FOS limit in future scenarios and analyses their relationship 
with the BESS operational parameters. Although the study focuses on future scenarios based on AEMO 
ISP 2020, a simplified lumped power system model is utilised to develop the simulation case studies. 
In a low inertia power system, BESS operational parameters should be designed such that it must be 
fast enough to respond to the rapid frequency events to avoid potential frequency stability risks due 
to the decline in system inertia. BESS operational parameters (frequency dead-band (DB), droop 
setting, power response time constant) dictating time dynamics of the BESS control strategy would be 
crucial for maintaining the frequency stability of a low inertia power system. 
In this section, the impact of BESS response parameters on a power system’s frequency stability with 
high levels of non-synchronous RE penetrations. We use our scenario described earlier where the 
likely extreme case sees a percentage of non-synchronous RE penetrations in NEM at around 97%, 
and the contribution from fixed-speed hydro would be approximately 3%. For this purpose, a case 
study based on the indicative generation mix in the NEM in 2050 [1],[2], is developed. 

4.2.1 Case Study System Description 

Figure 15 shows the power system’s configuration in this study, including conventional SG and power 
electronic converter based RE sources. As shown in Table 2, the average load of NEM is expected to 
be around 30+ GW in the 2040s [1]. The consumer load is represented with a fixed load of 34 GW used 
in this simulation case studies while the output of PV and wind is assumed according to the future 
power system’s projection. A step-load increase of 750 MW represents the contingency event, which 
means the largest generating unit (define by the current system) is lost from NEM [8]. Inertia constants 
and a capacity factor of SG are selected according to [10],[11].  

 
Figure 15. A simplified low-inertia power system with 97% non-synchronous RE. 

Table 2. Parameters used for simulation studies. 

Type  Capacity (GW) Output (GW) 

SG 1.15  1  

BESS arbitrage 6 -4 (charging) 
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BESS PFC  - - 

Distributed PV 20 10 

Transmission line PV 20 15 

Wind 22 12 

Consumer load  - 34 

 
As the system inertia is significantly reduced due to the large displacement of SGs, relatively fast 
frequency response is desired following a contingency event to mitigate the frequency stability risk. 
Considering only 3% of SG remains in the system, and their PFC response is relatively slower than BESS 
[10], BESS only provides PFC in this work.  

 
Figure 16. Block diagram of the implementation of PFC of BESS [15].  

As shown in Figure 16, the time dynamics of BESS power response depends on several key variables 
such as droop setting, the time constant for the first-order response, and the DB value. All these 
parameters cumulatively dictate the output power response of the BESS in PFC. Droop controlled-
BESS is used for PFC with the initial value is chosen as 0.7%, which is the current practice set by AEMO 
[12]. This limit saw a decline from its previous value of 1.7%, and thus, it would be desirable to 
investigate the effect of droop values on the frequency performance [13]. Considering the current 
practice of droop 0.7%, the droop value is varied between 0.7% to 0.1% to investigate the effect of 
aggressive droop on frequency response under different response time and dead-band (DB).  
At present, there is no specific requirement for inverter response times, and the inverter manufacturer 
selects their response time between 50 ms to 3 s [15]. However, considering the projected decline in 
system inertia due to the high non-synchronous RE penetrations, requirements on inverter response 
time may need to be selected to ensure a fast frequency response from BESS [14]. Thus, response 
time is trailed between 0.1 s and 0.5 s.  Moreover, for future scenarios, where BESS requires to 
respond quickly following a contingency event, modifications of DB values can be beneficial [16]. The 
DB’s current setting for normal FOS is 0.15 Hz [11]. AEMO suggested that the allowable DB be set at 
0.015 Hz, which would align future power systems with standard international practice and prove a 
stable basis for the generation mix’s ongoing transition in the NEM [17]. Thus, DB is varied between 
0.15 Hz to 0.015 Hz in the simulation case studies. AEMO anticipates the BESS capacity of the existing 
plus committed by 2021 is nearly 1 GW and would increase to nearly 23 GW by 2042 [1]. However, no 
specific BESS capacity requirement, set by AEMO, for PFC for future NEM [1]. In the simulation case 
studies, BESS capacity between 1 GW – 5 GW is selected for PFC applications.  

4.2.2 Effect of BESS operational parameters on frequency stability 

The BESS operational parameters (droop, response time constant, DB and capacity) and their effects 
on frequency response performance following an under-frequency event described earlier are 
analysed. Frequency performance is evaluated by measuring the frequency nadir and RoCoF services, 
a common method for assessing the frequency stability risk [18],[19]. For this study, the RoCoF values 
were calculated over windows of 200 ms [20]. The simulation case studies are organised into three 
groups, as follows: 

• Group A investigates the BESS response time and DB’s effect on primary frequency response; the 
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BESS capacity is fixed.  
• Group B shows the impact of utilising a BESS of high capacity under different response time and 

DB for frequency response; the BESS capacity is not limited.  
• Group C investigates the effect of aggressive droop on frequency response under different 

response time and DB; the BESS capacity is fixed.  

Group A:   
As shown in Figure 17, DB and response time of a 1 GW BESS affect frequency response resulting from 
the contingency event described earlier in Figure 15. In this Group A case studies, the droop setting is 
chosen to be 0.7%, the current practice set by AEMO [12].  
As shown in Figure 17, a faster response from BESS settles the frequency in a higher value with a lower 
settling time and lower oscillations. Simultaneously, a slower responding BESS introduces higher 
frequency oscillations with an increased settling time. For example, in Figure 17, the black curve shows 
that BESS with the response time of 0.5 s and a DB of 0.15 Hz yields approximately 6 s frequency 
settling time, whereas BESS with a response time of 0.1 s and a DB 0.015 Hz yields a settling time of 
less than a second. A large response time and DB limit BESS to respond quickly after a contingency 
event and cause lower frequency nadir.  

 
Figure 17. Frequency response using 1000 MW BESS for different with BESS response time and DB 

with droop is 0.7% (response time [s], DB [Hz]).   

Figure 18 demonstrates that there would be some combinations of DB and response time, resulting 
in a similar frequency nadir, illustrating the combined effect of the DB and response time on frequency 
nadir. For example, a DB of 0.15 Hz and a response time of 0.2 s yields a frequency nadir of 49.37 Hz. 
A similar frequency response can be obtained using lower DB and large response time (0.02 Hz and 
0.35 s). Reducing either DB or response time or both facilitates BESS to provide additional power 
before the frequency nadir, and hence improvement in frequency nadir is achieved. If the response 
time is decreased from 0.8 s to 0.2 s, with same DB of 0.15 Hz frequency nadir reduced by 0.24 Hz. 
When both operational parameters (response time and DB) are reduced from (0.5 s, 0.15 Hz) to (0.1 
s, 0.02 Hz), frequency nadir is reduced by 0.42 Hz. That is the highest reduction of frequency nadir 
than varying only single (response time or DB) operational parameters individually.  Overall, Figure 18 
indicates a group of BESS parameter sets that must be avoided to enhance the BESS’s effectiveness in 
PFC.  
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Figure 18. Frequency nadir for different DB and BESS response time. 

 
Figure 19. RoCoF for different DB and BESS response time. 

The impact of different BESS parameters with 1 GW capacity on RoCoF is analysed and shown in Figure 
19. These curves outline the importance of selecting appropriate response parameters for BESS from 
RoCoF perspective. The RoCoF can be significantly higher with a slower responding BESS compared to 
a faster responding BESS. For example, a DB of 0.15 Hz with a response time of 0.5 s results in a RoCoF 
of approximately 2.6 Hz/s. Reducing response time from 0.5 s to 0.1 s improves RoCoF by more than 
23 % (2 Hz/s) for the same DB (0.15 Hz). While by reducing DB parameters from 0.15 Hz to 0.015 Hz 
yields decreasing RoCoF by nearly 10% at the response time of 0.5 s.  
As demonstrated, BESS response parameters have a critical role on frequency nadir RoCoF while using 
limited BESS capacity (1 GW). Frequency nadir and RoCoF swing between 49.14 Hz to 49.56 Hz and 2.6 
Hz/s to 1 Hz/s, respectively, when operational parameters reduced simultaneously. These regions of 
frequency nadir and RoCoF are quite large and indicate a possibility to modify the BESS response 
parameters to extract substantial benefits from BESS operation.  

Group B:   

Here, different BESS capacity under combinations of operational response parameters is investigated. 
This allows for the direct comparison of BESS of differing performance and shows how BESS’s stage 
implementation could improve the frequency stability and when increasing BESS capacity may stop 
being beneficial. Five combinations of response parameters with BESS capacity between 1000 MW to 
5000 MW are chosen for performance evaluation, as shown in Figure 20.  
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Figure 20. Effect of BESS power, response time and DB on frequency nadir with a fixed droop of 0.7% 

(response time [s], DB [Hz]). 

As shown in Figure 20, frequency nadir improves (is closer to nominal frequency) with increasing BESS 
capacity. However, the improvement in frequency nadir with BESS capacity is sensitive to device 
response time and DB (for example the black curve with the response time of 0.5 s and DB of 0.15 Hz). 
With the reduction in response time and DB, this sensitivity factor decreases (the green curve has the 
least improvement compared to the other four curves for BESS capacity increment). Also, below 2000 
MW BESS capacity, frequency nadir reduction is the most significant, increasing BESS capacity. 
However, with the increase of BESS capacity, the frequency nadir improvement factor decreases. 
Results demonstrated that additional increasing of BESS capacity has a less significant impact on 
reducing frequency nadir. For example, when BESS capacity increases from 4000 MW to 5000 MW 
(blue curve), frequency nadir decreases by 0.06 Hz (49.6 Hz to 49.65 Hz) with (0.5 s and 0.07 Hz). On 
the other hand, the same frequency nadir (49.65 Hz) can be achieved by utilising 80% reduced BESS 
capacity by reducing response parameters from (0.5 s, 0.07 Hz) to (0.1 s, 0.015 Hz).  

As shown in Figure 21, BESS capacities (1000 MW – 5000 MW) under different operating parameters 
are investigated to analyse RoCoF. With a lower BESS capacity, 1 GW, reducing DB by nearly 50% 
reduces RoCoF by almost 0.6% at increased response time (0.5 s). In contrast, with increasing BESS 
capacity by 80 %, the same decrease in DB results in reducing RoCoF by only 18 % (2.2 Hz/s to 1.8 
Hz/s). However, 5 GW BESS with (0.5 s, 0.07 Hz) yields nearly 2 Hz/s RoCoF, which can be achieved by 
reducing BESS capacity by 80 % while decreasing response parameters (0.1 s, 0.015 Hz). Therefore, 
increasing BESS capacity has less effect on RoCoF improvement with large response parameters. For 
limiting the RoCoF within 1 Hz/s, as it is considered a standard value in normal operating conditions 
[13], BESS capacity in the range between (2000 MW – 5000 MW) can be selected, while the response 
time and DB  should be around 0.1 s and within 0.07 to 0.015 Hz, respectively. As depicted in Figure 
21, even with a higher  BESS capacity BESS, inappropriate BESS response parameters (0.5 s with 0.15 
Hz DB) can cause the RoCoF exceeding 2 Hz/s, which can cause frequency instability, as discussed [13].  
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Figure 21. Effect of BESS power, response time and DB on RoCoF with a fixed droop of 0.7% 
(response time [s], DB [Hz]). 

Group C:  

Figure 22 shows the impact of BESS response parameters on frequency dynamics for an aggressive 
droop of 0.1%. An aggressive droop results in reducing oscillations, frequency nadir and frequency 
settling time when BESS response parameters are updated. For example, with 1 GW BESS and 0.1% 
droop, response parameters of (0.5 s, 0.15 Hz) yield a frequency nadir of 49.6 Hz and a settling time 
of nearly 4 s.  

As shown in Figure 23, the higher droop with a reduced response parameter (0.1 s, 0.02 Hz), BESS 
output power saturates quickly (yellow curve), and the required energy is delivered to the system in 
a quicker manner. While BESS output power saturation behaviour is also observed for other 
combinations, higher oscillations can be observed in some cases (black and red curve) due to an 
inappropriate choice of the response time and DB combination (for example, 0.5 s and 0.15 Hz). BESS 
with increased response parameters, output power, remains saturated for a more extended period 
than reduced parameters. Figure 22 demonstrates how droop setting, BESS response time, and DB, 
combinedly dictate BESS response time dynamics. Thus, it would be necessary to review the BESS 
operational parameters before implementing aggressive droop values. This avoids the potential 
instability issues that might arise from aggressive droop values paired with slower responding BESS 
with a low BESS capacity. In the next group of case studies, the different BESS capacity is investigated 
under aggressive droop to demonstrate their frequency response impacts.   

 
Figure 22. Effect of (response time [s] and DB [Hz]) on frequency response with 1 GW BESS capacity 

and droop 0.1%. 

 
Figure 23. BESS output for different (response time [s] and DB [Hz]) on frequency response with 1 

GW BESS capacity and droop 0.1%. 

 

2 3 4 5 6

 s

49.6

49.8

50

50.2

 f
 (H

z)

(0.5, 0.15) (0.3, 0.07)

(0.1, 0.07) (0.1, 0.015)

2 2.5 3 3.5 4
 s

0

500

1000

BE
SS

 o
up

ut
 (M

W
)

(0.5, 0.15) (0.3, 0.07)

(0.1, 0.07) (0.1, 0.02)



 

30 Optimal DER Scheduling for Frequency Stability – Study Report 
 

4.2.3 Optimal BESS capacity to maintain FOS limit 

As shown in previous subsections, different BESS response parameters result in an additional BESS 
capacity to meet the FOS limit. Here, a non-linear constrained minimisation method is used to 
determine BESS’s size while satisfying the NEM FOS limit. The cost of the BESS is considered as one of 
the core objectives to be minimised. The cost of the BESS is related to the power and BESS capacity, 
and expressed as: 

𝑇𝑇𝐶𝐶𝑏𝑏 = 𝐶𝐶𝑝𝑝𝑏𝑏 ∙ 𝑃𝑃𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟,𝑏𝑏  

where, 𝐶𝐶𝑝𝑝𝑏𝑏 is the cost coefficient of BESS capacity. To ensure that the frequency deviation followed 
by an under-frequency contingency event is within the FOS limit of NEM, a penalty term is included in 
the objective function. The grid code limit term 𝑔𝑔�∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑚𝑚𝑟𝑟𝑎𝑎� will be set to a large value when frequency 
stability parameters such as frequency nadir, setting time and frequency deviation.  

𝑔𝑔�∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑚𝑚𝑟𝑟𝑎𝑎� = �
1, ∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑚𝑚𝑟𝑟𝑎𝑎 ≤  ∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑐𝑐𝑜𝑜𝑟𝑟𝑟𝑟

𝑀𝑀, ∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑚𝑚𝑟𝑟𝑎𝑎 >  ∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑐𝑐𝑜𝑜𝑟𝑟𝑟𝑟  

 

A summary of the results is given in Figure 24, which illustrates that the BESS capacity changes 
significantly without updated response parameters. A response parameter with a longer time constant, 
lower droop, and higher DB would result in a larger BESS capacity that ensures the FOS limits. These 
simulation results also demonstrate that decreased response parameters (0.1 s, 0.05 Hz) reduce the 
BESS capacity.  

 
Figure 24. BESS optimisation for different (response time [s], DB[Hz]) and droop. 

Aggressive droop values (0.7 % to 0.1 %) result in improved frequency response, as determined by 
frequency nadir and RoCoF, leading to a reduced BESS capacity to ensure the FOS limits. However, 
increased response parameters require additional BESS capacity. For example, while utilising NEM 
current droop (0.7%) and DB (0.15 Hz) practices, default inverter response time 0.5 s results in 20% 
(nearly 42 GW) higher BESS capacity than the total load of the system (34 GW) to maintain the FOS 
limit. On the other hand, the required BESS capacity is reduced by 90% (nearly 4.4 GW), approximately 
13% of the total system, due to reduced response time from 0.5s to 0.1s using current droop practice 
(0.7%). Due to further reduction of DB to 0.015 Hz, currently, AEMO is anticipating [17], 0.1 s response 
time requires 8% BESS capacity of the system. Furthermore, decreasing droop (%) from 0.7% to 0.3% 
for the same set of parameters (0.5 s, 0.15 Hz), though the required BESS capacity is reduced by 60% 
that is still 40% of the total system. Therefore, the benefit of selecting aggressive droop is less 
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significant while utilising default response time and current DB practice. Reduced response 
parameters (0.1 s, 0.015 Hz) with 0.3% droop require nearly 2 GW BESS capacity, 6% of the total 
system.  
Simulation results demonstrated that further aggressive droop (%) requires nearly 1 GW BESS with 
reduced response parameters (0.1 s, 0.015) to maintain FOS limits. However, as shown in the previous 
section, the aggressive droop can introduce higher frequency oscillations with increased response 
parameters and diminishes the required BESS capacity benefits. Thus, further investigation is required 
while changing the droop setting to lower values (%) under increased response parameters in future 
power systems.  
 
 

4.2.4 Key Findings 

• Results demonstrated that the required BESS capacity would significantly increase, and even 
increased BESS capacity might not achieve the goals, maintaining FOS limits if BESS operational 
parameters are not appropriately selected.  

• Reducing only a single parameter, either response time or DB, may not be sufficient to maintain 
the NEM FOS limits while utilising current droop practice with a low-capacity BESS. Additional 
increasing of BESS capacity has a less significant impact on reducing frequency nadir with a larger 
response time and DB. For example, (0.5 s, 0.15 Hz) may cause an increasing BESS capacity by 
40% of the system's total load to maintain the FOS limits. The required BESS capacity can be 
reduced by nearly 93%, 3% of the total system, with reduced response parameters (0.1 s, 0.015 
Hz) and droop (0.1%), as demonstrated in simulation studies.  

• Aggressive droop can cause higher oscillations and frequency nadir with increased BESS response 
time and DB, leading to a low-capacity BESS output power to reach saturation at its maximum 
capacity.  

• The results also outline the importance of BESS time dynamics on frequency performance and 
show how droop setting, BESS response time, and DB combinedly dictate BESS response time 
dynamics. 
 

In summary, DB should be updated and paired with appropriate response time and droop setting to 
ensure BESS effectiveness in PFC. Fast response times and smaller DB for BESS would be beneficial for 
future scenarios considering the projected decline in system inertia. It is recommended that the 
current droop and DB of NEM be reviewed along with inverter response time for PFC applications. 
However, further investigation must be carried out before modifying the droop setting with increased 
response time and droop, as it may cause higher frequency oscillations in power systems with high RE 
penetrations. 
 

4.2.5 Recommendations on DER with conventional droop control 

This study is a first step down a path in which continued research and analysis will be needed to 
determine new and improved ways that BESS can support grid frequency stability under high RE 
penetration scenario. With those limitations in mind, this report makes the following conclusions and 
recommendations: 

• The currently available frequency-watt control function of BESS inverters will help mitigate 
frequency transient events in future power systems with high non-synchronous REs. Assuming 
operational parameters of BESS are not retrofitted, it will likely take several years to build up 
enough aggregate capacity of frequency-watt enabled BESSs to have a significant benefit. 
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• At present, there is no desired open-loop response time of the frequency-watt function for BESS. 
For frequency-watt control to be effective in low inertia power system, the time response of the 
frequency-watt function of BESS must be fast regardless of the magnitude of the power change. 
This will improve frequency stability and improve the testability of the frequency-watt function. 
It is recommended that the response time of the frequency-watt function, defined as the time 
required for an inverter to execute 90% of the power change resulting from a frequency event, 
should be less than 0.2s. Faster response times are expected to be more beneficial. However, the 
possibility of unintended interactions with synchronous generators should be investigated before 
the aggregate power rating of frequency responsive BESS rises to a level that significantly affects 
grid frequency.   

• The dead-band of the frequency-watt function is recommended to be large enough that typical 
frequency fluctuations do not activate the function onerously to avoid unintended impacts. 
However, considering the decline in system inertia and the dead-band effects on the BESS 
capacity requirements, the DB of the BESS frequency-watt function needs to be reviewed and 
updated. The analysis indicated that 33% reduction in DB value can reduce the optimal BESS 
capacity by more than 40% under high RE scenario. Smaller DBs are expected to be more 
beneficial. DB of less than 0.07 Hz would be a reasonable requirement 

• The recommended droop slope of the frequency-watt function based on this work is between 
0.7% and 0.3%. However, before updating the droop values, the power response time constant 
and frequency DB requirement (less than 0.1s and 0.07 Hz respectively) must be satisfied to avoid 
unwanted oscillations in frequency dynamics.  

 

4.3 DER/BESS droop control with synthetic inertia (SI) control 
It has been demonstrated in the previous section that inverter-backed DER such as BESS are capable 
of providing fast active power response in to observed changes in system frequency. This action 
mimics the primary frequency control action of conventional synchronous generators to stabilise the 
power system following a contingency event, albeit with potentially much faster response. While it 
has been shown generally that there is greatly reduced need for inertia in the system, as a result of 
the fast-acting response than DER is capable of, there is still significant benefit provided by the 
instantaneous and automatic inertial response from conventional generators. DER are meanwhile 
capable of inertia-like response too, in addition to the proportional droop control, often referred to 
as virtual inertia or, sometimes, synthetic inertia.   

In this section we investigate the ability of DER / BESS in aggregate in a system to provide inertia-like 
response, which we refer to as synthetic inertia (SI) for the purposes of this study. The main objective 
of this work is to investigate the influence of BESS operational parameters such as power response 
time constant, DB and droop settings on SI effectiveness in improving frequency stability for future 
power system. Several case studies in a simplified power system with high renewable energy 
penetrations (86% to 98%) are carried out which shows that the requirement of SI and required BESS 
capacity to maintain the frequency stability can vary significantly based on the selection of BESS 
operational parameters. 

4.3.1 Simulation case-studies with SI control 

The simplified power system model developed for conducting the case studies of the previous section 
(Section 4.2) is also used here. The graphs in Figure 25 shows that the faster responding GFL with SI 
can be utilised to improve frequency stability issues for future power systems. However, a faster 
responding GFL might not be the only requirement for managing the frequency stability issues for a 
future power system with high non-sync RE penetrations. For example, as shown in Figure 26, with a 
1 GW GFL (0.1s, 0.015 Hz) for penetration 92-94% levels, the RoCoF is below 1 Hz/s, which is 
satisfactory, as highlighted in [14]. As the BESS provided sufficient damping due to their operational 
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parameters (lower response time and DB), introducing SI will not drastically improve the frequency 
dynamic.   

 

 
Figure 25. Frequency response for different SI under 96% RE penetration with 1 GW BESS capacity 

and response parameters (DB at SI [0.05 Hz]). 

 
Figure 26. Frequency response under different levels RE penetrations with 1 GW BESS capacity and 

response parameters (DB at SI [0.05 Hz]). (0.1s, 0.015Hz) 

However, for a penetration level of 96%, the benefit of introducing SI can be seen in Figure 26. For 
96% penetration, without SI, RoCoF is nearly 1.5 Hz/s, which can be vulnerable to the system [14]. 
While the introduction SI (inertia constant H = 3) can reduce the RoCoF by approximately 30% and 
improve nadir by 0.1%. Thus, under these scenarios, introducing SI will be beneficial from the 
frequency stability point of view. This analysis shows that both the operational parameters of BESS 
and SI values will be of importance while managing future power system challenges and selecting a 
proper combination of BESS operational parameters and SI would be beneficial for future power 
system.   
As shown in Figure 26, the SI effectiveness is corelated with the selection of BESS operational 
parameters. Thus, the possibilities of modifying BESS operational parameters can be considered while 
deciding the optimal values of SI.  
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Figure 27. Frequency nadir for response time (response time [s], DB at PFC [Hz] and synthetic inertia 

constant in a system with 1 GW BESS (droop 0.7 % and DB at SI [0.05 Hz]). 

 
Figure 28. RoCoF for response time (response time [s], DB at PFC [Hz] and synthetic inertia constant 

in a system with 1 GW BESS (droop 0.7 % and DB at SI [0.05 Hz]). 

As shown in the black curve in Figure 27, for BESS with operational parameter (0.5 s, 0.15 Hz), 
increasing SI from 0 to 8 improves the frequency nadir by 0.33%. However, if BESS is replaced with 
(0.1 s, 0.015 Hz), the effectiveness of SI is reduced as expected. The increment in SI from 0 to 8 
improves frequency nadir by 0.13%. Thus, the frequency nadir improvement is less sensitive to SI in 
case of a fast-responding BESS, while the sensitivity of frequency nadir improvement with SI can be 
clearly seen for a slower responding BESS as in case of black curve. The curves in Figure 28 underlines 
the correlation between the effectiveness of SI in relation to BESS operational parameters in 
improving frequency nadir. This relationship between the effectiveness of SI and BESS operational 
parameters in improving frequency stability has not been explored in the existing literature.  
Figure 28 shows the influence of BESS operational parameters together with SI on the RoCoF of a low 
inertia power system. The significance of SI in reducing RoCoF is visible from Figure 28. For all the 
three sets of BESS operational parameters, the RoCoF reduces with increased SI coefficient values. 
Results confirmed that irrespective of the BESS operational parameters, introducing SI to the system 
will contribute to the reduction in RoCoF. For example, for a BESS (0.1 s, 0.015 Hz), the increment in 
SI values from 2 to 8 changes the RoCoF by 22%. In contrast, for a BESS (0.5 s, 0.15 Hz) the increment 
in SI values from 2 to 8 changes the RoCoF by 80%.  
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Figure 29. Frequency nadir for different BESS capacity (0.7% droop) under different response time 

(response time [s], DB at PFC [Hz] and synthetic inertia [])  (DB at SI [0.05 Hz]). 

In the next set of simulation, BESS with different capacity and different operational parameters are 
chosen. The impact of increasing BESS capacity in improving frequency nadir can be seen from Figure 
29. The positive effect of choosing a faster responding BESS with small DB is visible from Figure 29. 
Even with various capacities, the gap in frequency nadir between the two BESS operational parameter 
always exist. This gap is, however, reduced for BESS with higher capacity. For example, with no SI, for 
1 GW BESS (0.5 s, 0.15 Hz), the frequency nadir is 49.23 Hz, while for 1 GW BESS with (0.1 s, 0.015 Hz) 
the frequency nadir is 49.65 Hz with no SI. This gap in frequency is 0.42 Hz. While for 5 GW BESS 
capacity, this gap is 0.27 Hz. Thus, a point of diminishing return needs to be considered when BESS 
capacity increment is considered. For example, for BESS (0.1 s, 0.015 Hz), increasing capacity from 4 
to 5 GW only increases frequency nadir by 0.03%, which is not significant considering 1 GW BESS 
installations. It can be noticed that the influence in SI in frequency nadir is more evident for slower 
responding BESS at various capacities. Irrespective of the BESS capacity increment, changing the SI 
coefficient from 0 to 4 increased the nadir by 0.09%. For a faster responding BESS, the improvement 
in frequency nadir is less significant compared to the previous case. For BESS (0.1 s, 0.015 Hz) this 
improvement is 0.037%.   

 
Figure 30. Frequency nadir of the system under different level of RE penetration with 1 GW BESS 

capacity (0.7% droop) under different response time (response time [s], DB at PFC [Hz] and synthetic 
inertia []) (DB at SI [0.05 Hz]). 
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The penetration level will be another important factor to consider while analysing the influence of SI 
in frequency nadir improvement as shown in Figure 30. As expected, for a penetration level below 
90%, if a faster responding BESS is chosen, the influence of SI is not very significant. However, even 
with a faster responding BESS, the effect of SI can be visible at higher penetration level (above 94%). 
At 96% penetration, the SI coefficient increasing from 0 to 4 increases the nadir by 0.02 Hz. However, 
if a slower responding BESS is chosen (0.5 s, 0.15 Hz), the SI effect can be seen from lower RE 
penetration level. At 90% penetration level, changing SI from 0 to 4 improves the nadir by 0.01 Hz 
while for 98% this improvement becomes more significant (0.04 Hz). Thus, the inclusion of SI can be 
beneficial for higher penetration levels irrespective of the BESS operational parameters. For low 
penetration level, SI can provide benefits for BESS with slower response parameters.  
The damping ratio values are analysed to investigate the effect of BESS operational parameters in 
shaping the effectiveness of SI. Among all the cases, BESS (0.5 s, 0.7%) has the lowest damping ratio 
among all the cases. Thus, for the (0.5 s, 0.7%) case, introducing SI brings a positive effect and provides 
additional damping to the system for various penetration levels, as shown in Figure 31. For a BESS 
with 0.3s response time and without SI, the damping is slightly higher than 0.5s no SI case (solid red 
curve). As expected, this damping ratio experiences a significant decline at a higher penetration level 
(above 94%). However, if SI is introduced for these two BESS (0.5 s and 0.3 s), the sensitivity of damping 
ratio to penetration level decreases. Thus, the inclusion of SI can positively affect these cases under 
higher levels of non-sync penetrations. For BESS 0.1 s, the damping ratio is higher compared to other 
BESS with no SI. However, at a higher penetration level, the damping ratio saw a significant decline 
(solid blue curve). Emulation of SI for this case can provide a beneficial effect, and the sensitivity of 
damping ratio to penetration level almost nullifies (blue dotted curve).  

 
Figure 31. Damping ratio of the system for different (response time [s], SI constant []) when levels of 

RE penetrations changes.   

This analysis showed how the effectiveness of SI is related to the penetration level variation and BESS 
operational parameters. The outcome of this analysis can be beneficial to find out the suitable 
operational parameters for BESS in future power systems (SI, DB and power response time constant 
etc.).  The analysis also underlines that the BESS operational parameters will significantly influence the 
SI effectiveness for future power systems. The optimal BESS sizing and the SI values to maintain FOS 
limits will be shaped by the BESS operational parameters and the RE penetration level.  
The optimal BESS capacity to maintain the FOS limit with 96% penetration is determined using the 
method. As shown in Figure 32, with a BESS (0.5 s, 0.15 Hz), the required capacity without using SI is 
quite unrealistic (31 GW). The emulation of SI in BESS control can positively affect, as shown in the 
black curve. If SI values are appropriately selected, the required BESS capacity can be reduced. For 
example, using a SI with a coefficient of 6 can reduce the BESS capacity by 80%. However, for faster 
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responding BESS such as (0.1 s, 0.015 Hz), the impact of SI is in reducing optimal BESS capacity is 
insignificant. This is coherent to the outcome presented in the previous section. The effectiveness of 
SI is reduced due to the BESS operational parameter selection. Without SI, the required BESS capacity 
is 1.7 GW, while with a SI coefficient of 6, the required capacity is 1.1 GW. This reduction is not as 
significant as in the case of (0.5 s, 0.15 Hz). For (0.3 s, 0.07 Hz) BESS, the effect of introducing SI is still 
visible. Increasing SI from 0 to 6 can reduce the required BESS capacity by 60%.  
The required BESS capacity with different BESS operational parameters and for various penetration 
levels are also determined. The summary of the results is shown in Table 3. For 0.5s, 0.15 Hz, the 
significance of SI in reducing the BESS capacity is visible. If no SI is used, the BESS capacity requirement 
will be 31 GW at 96% penetration. If SI of 2 is used in this case, this capacity can be reduced to 11.77 
GW. A similar outcome is found for the other two issues. For 92% and 94% RE penetration levels, the 
SI of 2 can reduce the capacity by 50%. This is the fact that with lower RE penetrations (less than 96%), 
sufficient system inertia provides similar frequency deviation and BESS output power dictates by the 
BESS operational parameters. However, with more than 96% RE and an increased response parameter 
(0.5 s, 0.15 Hz), a larger frequency deviation occurred. And therefore, the required BESS is reduced 
with a higher proportion when SI is introduced, as simulation results demonstrated. With a reduced 
response parameter (0.1 s, 0.015 Hz), without SI the required BESS capacity for 92%, 94% and 96% 
penetrations are 1.21, 1.34 and 1.775 GW, respectively. The inclusion of SI in the BESS control can still 
aid and reduce BESS capacity. However, the reduction in BESS capacity is not as significant as in the 
previous two cases.  

 
Figure 32. Required BESS capacity with different response parameters at 96% RE penetration 

Table 3. Required BESS capacity with different BESS operational parameters and for various RE 
penetration levels 

Combinations RE 92% 94% 96% 

SI BESS (GW) BESS (GW) BESS (GW) 

0.5 s, 0.15 Hz  0 16.40 
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2 2.83 3.32 4.13 

0.1 s, 0.015 Hz 0 1.21 1.34 1.77 

2 1.14 1.21 1.36 

 

4.3.2 Key Findings 

This work showed how the selection of BESS operational parameters such as power response time 
constant, DB, droop settings would influence the effectiveness of the SI in improving frequency 
stability. The key findings of this study are summarised below:  

• The BESS operational parameters will largely shape the effectiveness of SI in improving the 
frequency dynamics of low-inertia power systems. For example, using a SI with a coefficient of 
6 can reduce the BESS capacity by 80% with (0.5 s, 0.15 Hz), which is still 17% of the total system.  

• By introducing an appropriate value of SI and selecting proper BESS operational parameters, 
the requirement of BESS capacity to maintain FOS limit for future power systems can be reduced 
significantly.  

• For future power systems with extremely high penetration level, SI will play an important role. 
In addition to modifying the BESS operational parameters in these penetration levels, it would 
be a requirement to emulate SI in the BESS control strategy. 

 

4.3.3 Recommendations on DER providing frequency response with 
synthetic inertia  

Our simulations of several case studies for a simplified power system with high renewable energy 
penetration showed that the requirement of SI and required BESS capacity to maintain the frequency 
stability can vary significantly based on the selection of BESS operational parameters. As expected, 
the time dynamics of BESS plays a crucial role in frequency dynamics of low inertia power system and 
largely shapes the effectiveness of SI. The results showed that to ensure the effectiveness of BESS in 
PFC, the operational parameters of BESS should be properly selected and paired with an appropriate 
virtual inertia constant to reduce the required BESS capacity to ensure frequency stability. Results 
indicated that if BESS operational parameters are properly selected the requirements of SI and the 
required BESS capacity can be significantly reduced. The following recommendations/findings are 
outlined based on the simulation studies.  

• Virtual inertia control emulation in BESS control strategy will help mitigate the frequency 
stability risks of low inertia power systems. The role of virtual inertia would be more effective 
for future power systems with a high non-synchronous RE penetrations such as above 95% 
penetrations for the simplified power system model developed in this study.  

• The effectiveness of SI in improving the frequency dynamics of low inertia power system will be 
largely shaped by the BESS operational parameters. The degree of SI effectiveness to mitigate 
frequency stability risks would be significantly influenced by the power response time constant, 
frequency DB and droop settings.  

• By introducing an appropriate value of SI and selecting proper BESS operational parameters, 
the requirement of BESS capacity to maintain FOS limit for future power systems can be reduced 
significantly. For future power systems with extremely high penetration level, SI will play an 
important role. In these penetration levels, in addition to modifying the BESS operational 
parameters, it would be a requirement to emulate SI in the BESS control strategy.  
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4.4 Grid-forming inverter backed DER / BESS for frequency 
stability 

At present the BESS inverters operate with two types of control strategy: grid-following and grid-
forming. Due to their fast power injection capability after a contingency event, grid-forming inverter 
(GFM) inverters can play a vital role to improve the frequency stability in a low inertia power system. 
However, the recent efforts of BESS research have mainly highlighted both the modelling of GFM 
inverters for transient stability simulation in inverter dominated systems and current limiting and 
power-sharing control of GFM inverters. GFM inverter is an evolving concept, and it is expected that 
they will positively contribute to improving the frequency stability of distribution systems with high 
RE penetrations. Specifically, it is expected that future NEM will involve a mix of GFL and GFM inverters, 
and the growth over time will depend on what benefits GFM can bring as non-synchronous RE 
penetrations increases. 
In this section of the study, we highlight the role of grid-forming inverter in mitigating frequency 
stability risks in future power system with high RE penetration. 
 

4.4.1 Modelling of Grid-forming and Grid-following converters 

Grid-following (GFL) and GFM dynamic models and their control structure have been highlighted in 
this part. As shown in Figure 33, in GFL BESS, the real and reactive power are controlled by injecting 
current at a given phase angle, tracked by a phase-locked loop (PLL). The GFL BESS does not directly 
regulate the system voltage and frequency [21]. In contrast, as shown in Figure 34, the GFM BESS 
allows the direct control of voltage and frequency and can change output power without any 
significant delay [21]. Thus, their response to any contingency event is faster compared to GFL BESS. 
In this work, the two control strategies for the BESS, GFL and GFM, will be investigated and compared. 
A reduced-order model of the system is developed in this section to analyse the variation of damping 
characteristics of the mixed source like approach described in [22] is employed.  

 
Figure 33. Block diagram of a typical GFL BESS.  
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Figure 34. Block diagram of a typical GFM BESS.  

 
Figure 35. (a) GFM inverter model and its (b) inertia equivalent structure.  

As shown in Figure 35, only power/frequency dynamics are modelled for GFM. A first-order power 
measurement filter is used with a time constant of 𝑇𝑇𝑏𝑏. Due to their fast dynamics, voltage control 
dynamics are ignored as the same approach has been investigated [21],[22]. Saturation limits are also 
ignored for theoretical study. GFM inverters can be represented with inertia and damping coefficient 
similarly as a SG unit by rewriting GFM equations [21]. However, GFL inverter model is different from 
than GFM. For GFL, a first-order time constant is employed for the power response [21],[22], as shown 
in Figure 36. This is set based on the need by applicable standards or limited by the bandwidth of the 
inverter’s power response. In the mixed source case, SGs and inverters are each aggregated into 
respective equivalent units and modelled as a two-source structure, as shown in Figure 37. The 
linearised mixed source system model for the GFM case is constructed, as shown in [22], using the 
aggregate generator and inverter models.  

 
Figure 36. GFL inverter model for theoretical study.  
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The aggregate model for the GFM case shown in Figure 37 can be simplified due to a lower time 
constant involved in the inverter dynamics. These simplifications lead to the reconstructed block 
diagram in Figure 38, The model for the mixed source case with a GFL inverter can be developed using 
a similar procedure. Only the value of time constant 𝑇𝑇𝑏𝑏 will be different. By using a similar approach 
as [19], a reduced order model of the mixed source system can be obtained as:  
∆𝜔𝜔
∆𝑃𝑃𝑔𝑔

= 1+𝑟𝑟1𝑠𝑠+𝑟𝑟2𝑠𝑠2

𝑏𝑏0+ (𝑏𝑏1+𝑏𝑏2)𝑠𝑠+𝑏𝑏3𝑠𝑠3
         

where 𝑎𝑎1 = 𝑇𝑇𝑔𝑔𝑔𝑔 + 𝑇𝑇𝑏𝑏 , 𝑎𝑎2 = 𝑇𝑇𝑔𝑔𝑔𝑔𝑇𝑇𝑏𝑏 , 𝑏𝑏0 = 𝑅𝑅𝑔𝑔 + 𝑅𝑅𝑏𝑏 , 𝑏𝑏1 = 2𝐻𝐻𝑟𝑟𝑒𝑒𝑜𝑜 + 𝑅𝑅𝑔𝑔𝑇𝑇𝑔𝑔𝑔𝑔 +  𝑅𝑅𝑔𝑔𝑇𝑇𝑔𝑔𝐵𝐵 + 𝑅𝑅𝑔𝑔𝑇𝑇𝑏𝑏 , 𝑏𝑏2 =
2𝐻𝐻𝑟𝑟𝑒𝑒𝑜𝑜𝑇𝑇𝑏𝑏 +  2𝐻𝐻𝑟𝑟𝑒𝑒𝑜𝑜𝑇𝑇𝑔𝑔𝑔𝑔 +  𝑅𝑅𝑔𝑔𝑇𝑇𝑔𝑔𝐵𝐵𝑇𝑇𝑏𝑏 and 𝑏𝑏3 = 2𝐻𝐻𝑟𝑟𝑒𝑒𝑜𝑜𝑇𝑇𝑏𝑏𝑇𝑇𝑔𝑔𝑔𝑔 

 

 
Figure 37. Mixed source system with GFM inverter.  

 
Figure 38. Aggregated model of mix-generation  

The equations above can be used to analyse the damping ratio, 𝜁𝜁 and natural frequency, 𝜔𝜔𝑛𝑛 of the 
system with the change in BESS operational parameters. This analysis shows how GFM and GFL BESS 
response time, and DB combinedly dictate BESS response time dynamics and frequency stability. In 
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this section, the frequency control dynamic of SG is ignored; BESS is employed for PFC support, 
similar to the approach described in [18]. 
 

4.4.2 Case Study Description 

The power system model used in the last part is also used for simulation case studies here. The 
simulation case studies are organised into four groups, as follows: 
• Group A investigates the effect of the response time and DB of GFL and GFM BESS on primary 

frequency response; the BESS capacity is limited; fixed RE penetrations. 
• Group B shows the impact of utilising a BESS of high capacity under the response time and DB of 

GFL and GFM on primary frequency response; the BESS capacity is not limited; fixed RE 
penetrations. 

• Group C investigates the effect of the response time and DB of GFL and GFM on primary frequency 
response under different RE penetration levels; the BESS capacity is limited; RE penetration is not 
fixed. 

• Group D investigates the effect of the response time and DB of GFL and GFM on primary frequency 
response under different RE penetration levels; the BESS capacity is not limited; RE penetration is 
not fixed. 

 

Group A:   

The initial case study is developed for a significantly higher level of non-synchronous RE penetration 
(96%). However, as mentioned earlier, performance investigation with different penetration levels 
ranging from 86% to 98% will be presented in this work. In this Group A case studies, the droop setting 
is chosen to be 0.7%, the current practice by AEMO [12]. There is no specific BESS capacity 
requirement, set by AEMO, for PFC for future NEM [1]. In the simulation case studies, 1 GW BESS is 
selected according to the BESS capacity projections from AEMO ISP [1]. However, in the next group of 
studies, frequency performance with different BESS capacities will also be analysed.  

Shown in Figure 39 is the combined effect of DB and response time constant of GFL on shaping the 
performance difference between GFL and GFM. The GFL time dynamics is dictated by the combination 
of DB and response time. As simulation results demonstrate, GFM with a lower DB (0.05 Hz) achieves 
the lowest frequency nadir (49.82 Hz). However, if the DB of GFM is selected large (0.15 Hz), the 
frequency nadir would fall below as expected (49.72 Hz). It can also be seen that GFL (0.1s, 0.05 Hz 
DB) obtains better frequency nadir performance than GFM (0.15 Hz). This shows that the slow 
response for GFL BESS which can aggravate the frequency stability issues can be compensated by 
modifying DB values. However, if the slower responding GFL BESS is paired with large DB (0.3 s, 0.15 
Hz), a significant performance difference can be observed between GFL and GFM.  

This analysis reveals that it is indeed beneficial to replace GFL via GFM. However, it is also feasible to 
modify some of the existing GFL parameters to enhance their effectiveness in PFC and reduce their 
performance difference with GFM.  
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Figure 39. Frequency response under different (response time [s], DB [Hz]) with GFL and GFM.  

Group B:  

The Group B simulation studies are performed with multiple GFL and GFM BESS sizes operating with 
multiple operational parameters. This allows the direct comparison of GFL and GFM BESS with 
different parameters. As shown in Figure 40, GFM-BESS provides additional damping compared to GFL 
BESS with different operating parameters. GFM BESS damps the inertial response rather than adding 
inertia to the system. The frequency performance difference for a GFM and a GFL with 0.1 s response 
time is not significant. Plots clearly show that the difference in performance between GFL and GFM is 
subject to GFL operational parameters (mostly power response time constant). For example, for 1 GW 
BESS capacity, the difference in frequency nadir between GFM and GFL (0.5 s, 0.15 Hz DB) is 0.375 Hz. 
If the GFL-BESS is considered (0.1 s, 0.15 Hz), this difference can be reduced by approximately 85%.  

 
Figure 40. Effect of BESS capacity, response time and dead-band on frequency nadir with a fixed 

drop of 0.7% (response time [s], dead-band [Hz]). 
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Figure 41. Frequency nadir with different DB and BESS capacity under a constant response time of a 
system with 96 % RE penetration. (response time [s], DB [Hz])  

As shown in Figure 40, GFM could be beneficial over GFL only if the GFL response time is below 0.1 s, 
improving the frequency deviation by 50%. Reduction in GFL-BESS response time will reduce the 
performance difference between GFL and GFM. However, increased BESS capacity in improving 
frequency nadir is evident for both GFL and GFM. Simulation results demonstrated negligible benefit 
for frequency nadir in improving upon a BESS capacity from 4 GW to 5 GW.  

As shown in Figure 41, DB selection can play a critical role in frequency dynamics in future scenarios. 
As the system inertia is reduced, modifications of DB values might be required to enhance BESS’s 
effectiveness in PFC. This will reduce the delay times in BESS response after a contingency event. For 
example, with a GFM BESS, if the DB value is reduced by approximately 50%, frequency nadir is 
decreased by approximately 0.16%, irrespective of the BESS capacity. This indicates that it is possible 
to obtain similar performance as GFM by using GFL by modifying the GFL operational parameters 
(reducing DB and pairing it with a faster responding GFL).  

Group C:  

In future power systems, the penetration levels will vary, and thus performance investigations under 
varying penetration levels are performed. In this group of Case studies, the non-synchronous RE 
penetration levels were varied from 86% to 98%, considering the 86% projected non-synchronous 
penetration in NEM in 2035 [1].  

 
Figure 42. Frequency nadir of the system under different levels of RE penetrations with varying 

response parameters (response time [s], DB [Hz]) of GFL and GFM. 

As can be seen from Figure 42, the influence of DB while using GFM BESS is evident under different 
penetration levels. If GFM BESS is used, reducing DB by 50% can improve frequency nadir by 0.3%. The 
reduction of DB has similar effects for GFL BESS (0.1 s). Reduced DB by 50% results in a 0.16% 
improvement in frequency nadir. Results demonstrated that the frequency performance using GFM-
BESS has less sensitivity to increasing penetration level. In contrast, the penetration level influences 
the frequency performance of GFL- BESS significantly. Especially beyond 90% penetration, the 
frequency stability issues are aggravated using GFL-BESS. Also, in these zones of RE penetrations (90 % 
and above), the performance difference between GFL BESS and GFM becomes visible.  

The increasing penetration level does not significantly impact the frequency nadir for the GFM-BESS 
case. But as shown in Figure 43, it influences the RoCoF of the system. As the RE penetration level 
rises, the RoCoF increases with the same capacity of GFM-BESS. With a higher DB (0.15 Hz) of GFM-
BESS, the RoCoF can reach 2 Hz/s at 98% penetration. However, reducing DB can improve this 
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increased RoCoF. For example, at 98% penetration, reducing DB value from 0.15 Hz to 0.07 Hz can 
reduce RoCoF by 60%. Results also demonstrated GFM-BESS provides more damping to the system 
and thus the RoCoF service offered by the system than the GFL (0.1 s). If a 1 GW GFL-BESS (0.1s 0.15 
Hz) is replaced by a GFM-BESS (0.15 Hz), system RoCoF can be reduced by nearly 1.15 %. It can also 
be seen that if a large DB is used for the GFL-BESS system, RoCoF can reach a higher value (3.75 Hz/s) 
at a higher RE penetration level (98%). However, like GFM-BESS, reducing DB can improve frequency 
dynamics while using GF- BESS. This can be useful for a mixed source system consisting of both GFL 
and GFM. 

 
Figure 43. RoCoF of the system under different levels of RE penetrations with different response 

parameters (response time [s], DB [Hz]) of GFL and GFM. 

Group D:  

In Group D case studies, the effect of operational response parameter of GFL and GFM on primary 
frequency response is investigated under different RE penetration levels. As shown in Figure 44, due 
to the fast power injection capability of GFM BESS, the frequency nadir is insensitive to the RE 
penetration level. For example, the blue solid curve (GFM BESS 8ms, 0.15 Hz, 1MW), frequency nadir 
does not change, while changing RE penetration levels. In contrast, with GFL BESS the frequency nadir 
service is sensitive to penetration level. For GFL BESS (0.3s, 0.15 Hz, 1 GW), the difference between 
GFL and GFM performance increases significantly with the RE penetration level. For example, at 94% 
penetration level, the difference between GFM (8 ms, 0.15 Hz, 1 GW) and GFL (0.3 s, 0.15 Hz, 1 GW) 
is approximately 0.25 Hz. This difference increases by nearly 50% (0.47 Hz), while the RE penetrations 
increases 4%. However, if the GFL BESS response time is decreased to (0.1 s, 0.015 Hz, 1GW) then the 
difference between GFL and GFM cases reduces to 0.02 Hz. This difference is increases by only 0.05 
Hz when the RE penetrations increases by 4%.  
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Figure 44. Frequency nadir the system under different levels of RE penetrations with different 
response parameters (response time [s], DB [Hz]) using different GFL and GFM BESS capacity. 

 
Figure 45. 1 GW BESS, 0.7% droop, no DB, different penetration, different BESS response time  

Figure 45 shows that for GFM, the damping capability is almost insensitive to the penetration level 
change. This can help reduce the required BESS capacity to maintain frequency stability compared to 
GFL for different penetration levels. The damping capability of GFL is related to operational 
parameters such as response time. The difference in damping ratio between GFL and GFM is widened 
when the GFL response time is higher. For example, the damping ratio’s highest difference is observed 
between GFL and GFM when GFL of 0.5 s is chosen (black and yellow curve in Figure 45). For a lower 
penetration level, lowering GFL BESS operational parameters can be beneficial. For example, below 
86%, the difference between GFM and GFL can be mitigated if GFL 0.1 s is selected. It can also be 
observed that even changing the GFL operational parameters above a certain RE penetration level 
(86%) cannot reduce the performance difference between GFL and GFM. At 98% RE penetration level, 
the damping ratio offered by GFM is approximately 1 while GFL (0.1 s) only provides a damping ratio 
of nearly 0.38. Thus, simulation results demonstrate that at a significantly higher penetration level, 
using GFM is clearly a beneficial solution compared to GFL, while for lower penetration level, 
modifying the GFL operational parameters difference in damping ratio between GFL and GFM can be 
mitigated. The outcome of this analysis highlights that for penetration level below 86%, selecting GFL 
operational parameter is a feasible option to enhance BESS participation in providing frequency 
response, and for RE penetration level higher than 86%, using GFM is more beneficial compared to 
GFL BESS.  

86 88 90 92 94 96 98

RE penetration (%)

49.2

49.4

49.6

49.8

50

Fr
eq

ue
nc

y 
na

di
r (

H
z)

GFL (0.3, 0.15, 1) GFL (0.1, 0.015, 1)

GFM (8m, 0.15, 1) GFM (8m, 0.015, 1)

GFL (0.3, 0.15, 2) GFL (0.1, 0.015, 2)

GFM (8m, 0.15, 2) GFM (8m, 0.015, 2)

82 84 86 88 90 92 94 96 98
RE penetration (%)

0.5

1

GFL (0.5) GFL (0.3) GFL (0.1) GFM (8m)



   
 

 
 Optimal DER Scheduling for Frequency Stability – Study Report          47 

 

 
Figure 46. BESS capacity required to keep the frequency within FOS limits under different levels of RE 

penetrations with different (response time [s], DB [Hz]) (0.7% droop).  

A non-linear constrained minimisation method is used to determine BESS’s required size while 
satisfying the NEM FOS limits under different operational parameters and RE penetrations levels. The 
cost of the BESS is considered as one of the core objectives to be minimized. The cost of the BESS is 
related to the power and energy capacity, and expressed as: 

𝑇𝑇𝐶𝐶𝑏𝑏 = 𝐶𝐶𝑝𝑝𝑏𝑏 ∙ 𝑃𝑃𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟,𝑏𝑏 (6) 

where, 𝐶𝐶𝑝𝑝𝑏𝑏  denotes the cost-coefficient of BESS capacity. To ensure that the frequency deviation 
followed by an under-frequency contingency event is within the frequency operating standard limit of 
NEM, a penalty term is included in the objective function. The grid code limit term 𝑔𝑔�∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑚𝑚𝑟𝑟𝑎𝑎� will be 
set to a higher value when frequency stability parameters such as frequency nadir, setting time and 
frequency deviation.  

𝑔𝑔�∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑚𝑚𝑟𝑟𝑎𝑎� = �
1, ∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑚𝑚𝑟𝑟𝑎𝑎 ≤  ∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑐𝑐𝑜𝑜𝑟𝑟𝑟𝑟

𝑀𝑀, ∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑚𝑚𝑟𝑟𝑎𝑎 >  ∆𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑐𝑐𝑜𝑜𝑟𝑟𝑟𝑟 (7) 

Figure 46 shows the optimum BESS capacity for different penetration levels ranging from 86% to 
98%. In the case of GFM, with the change in penetration, the required capacity to maintain FOS 
limits does not change significantly. This is primarily due to the fast response capability of GFM, 
which contributes to the damping. This is one specific advantage of GFM, which is with the change in 
penetration level, the required BESS capacity does not change drastically. However, with an 
extremely high RE penetration level, such as 98%, the difference in the required capacity of GFM 
increased. If the RE penetration level changed from 96% to 98%, GFM (DB 0.15 Hz) capacity 
increased from 2625 MW to 3277 MW. Results demonstrate that reducing DB can be beneficial as it 
can reduce the required BESS capacity. For example, when GFM DB changes from 0.15 Hz to 0.015 
Hz, the BESS capacity is reduced by nearly 130% with 96% RE penetration. This analysis indicates that 
DB parameters significantly affect the required BESS capacity while utilising GFM. It is worthy of 
mentioning that there is no current DB standard for GFM, and thus careful consideration must be 
given in selecting the DB standard for GFM to select the required BESS size to maintain frequency 
stability in future power system scenario. 

4.4.3 Key Findings 

Simulation results demonstrate that if BESS selects GFM as a control strategy, it can reduce the BESS 
capacity requirement significantly under different penetration levels. Specifically, for GFL with a large 
time constant and large DB, a large BESS capacity is generally required to maintain frequency stability 
at very high penetration of renewables compared to the capacity of GFM required for the same case. 
These differences are not significant when RE penetration is reduced, and synchronous generation 
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correspondingly increased. For example, as shown in Figure 46, at nearly 94 % RE penetrations, the 
difference between GFL (0.1s, 0.015 Hz) and GFM (8 ms, 0.015 Hz) is 150 MW, while at 96 %, RE 
penetration is 500 MW (blue and blue dashed line). This is the fact that with increasing RE penetrations, 
the system needs significant damping to maintain FOS limits that increase the required BESS capacity. 
GFM benefits by reducing BESS capacity over GFL because of its less response time.  

• In future scenarios with high RE penetrations, using GFM-BESS can be beneficial compared to GFL-
BESS. If GFM-BESS replaces GFL-BESS, the required BESS capacity to maintain frequency stability 
can be reduced under different RE penetration level. For example, for the same DB (0.15 Hz), 
changing GFL BESS (0.5 s) with a GFM, BESS capacity reduces by nearly 8 GW at 87% RE 
penetrations.  

• The required BESS capacity when GFL BESS is used can be reduced by updating the GFL BESS 
operational parameters. For example, if GFL (0.5 s) is replaced via GFL 0.1 s, this required BESS 
capacity is decreased by nearly 90%.  

• Simulation results demonstrated the damping capability is significantly affected by updating GFL 
operational parameters. Reducing GFL response time by 80% improved the damping ratio by 50% 
at 82% RE penetrations. With further RE penetration increasing until approximately 86% RE, the 
damping capability difference between GFL (0.1 s) and GFM is negligible. However, the damping 
capability of GFL BESS is dropped by 50% when RE penetration increases by 10%, whereas GFM 
damping capability is insensitive to RE penetration levels.   

• For future power systems with high RE penetrations, using GFM can reduce the required BESS 
capacity to maintain FOS limits and frequency stability due to their additional damping capability. 
For a mixed source with GFM and GFL, GFL operational parameters should be selected (lower DB 
and fast response time) to ensure required performance. 

4.4.4 Recommendations on DER providing frequency response in grid-
forming mode 

This analysis showed that the GFM control strategy-based BESS inverters can be more beneficial in 
mitigating the frequency stability risks compared to GFL. However, the dynamic performance and 
stability characteristics differences between GFL and GFM can be significantly reduced for a fast-
responding GFM BESS (response time constant lower than 0.1 s).  In contrast, selecting a GFL with a 
larger power response time constant with large frequency dead-band can aggravate the differences 
in frequency performance between GFL and GFM.  Theoretical studies for a reduced order model of 
the mix sourced system are then shown to demonstrate that GFM can provide additional damping to 
frequency swings compared to GFL BESS. Simulation results show that by appropriately selecting the 
GFL operational parameters, required BESS capacity can be reduced to maintain frequency within 
normal operating limits. However, compared to GFL using GFM would still be beneficial for a low 
inertia power system as using GFM based solution can reduce the BESS requirements to maintain 
frequency stability.  

We make the following conclusions and recommendations: 

• With increasing penetrations of RE generation, it would be more beneficial to utilise grid-forming 
control strategy in BESS compared to grid-following control. If GFL control strategy is replaced with 
GFM, the BESS capacity requirement to satisfy the FOS limit can be reduced significantly.  

• The analysis suggests that the significant dynamic performance benefits of the GFM over its GFL 
counterpart are primarily shaped by how the GFL BESS parameters are selected. Simulation results 
showed that if GFL-BESS parameters are appropriately selected and GFL-BESS provides a faster 
response (first-order time constant of less than 0.1 s), the dynamic performance differences 
between GFL-BESS and GFM-BESS can be significantly reduced, while a slower responding BESS 
(response time higher than 0.4 s) can aggravate the frequency stability issues, which has not been 
analysed in the previous works. 
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5. Participation of DER in the NEM 
There is a great opportunity for DER to participate in the NEM including providing FCAS, but the 
situation is complicated by the difficulty of dealing with a large number of customers and the 
peculiarities and constraints of distribution networks. This chapter provides a brief background on the 
NEM in order to identify the opportunities for and challenges to DER participation in markets. From 
this we develop a set of requirements for a framework that can coordinate the wholesale participation 
of DER aggregators with the networks that they connect to. These requirements guided the design of 
two aggregator-DSO frameworks that are presented in chapter 6, which we refer to as the consensus 
and sequential frameworks. The final part of this chapter looks at related work on dynamic operating 
envelopes and network-aware coordination. 

5.1 Background 

5.1.1 The NEM 

The three main categories of NEM service relevant to DER are energy, contingency and regulation 
services. The energy market is where generators and schedulable loads bid to meet the forecasted 
electricity requirements for the NEM. Contingency services are used to bring supply and demand back 
into balance during rare   events such as transmission or generator faults. Regulation services, in 
contrast, are used on an ongoing basis to match smaller imbalances due to errors in forecasting, 
system modelling and participant dispatch. 
Due to the strong link between system frequency deviation and supply and demand mismatch, 
contingency and regulation services are referred to as Frequency Control Ancillary Services (FCAS) in 
the NEM. These are further broken down into 8 services: 

● 6-second contingency raise and lower FCAS 
● 60-second contingency raise and lower FCAS 
● 5-minute contingency raise and lower FCAS 
● Regulation raise and lower FCAS 

Combined with the single energy market, this results in a total of 9 markets that AEMO’s NEM Dispatch 
Engine (NEMDE) jointly dispatches.  

 
Figure 47. Energy generation (left) and regulation raise (right) price bands1 and capacities for the 

Ballarat Battery Energy Storage System (BALBG1) over the 26th of April 2021. 

Market participants bid into these markets on a day-ahead basis, and can make adjustments to their 
bid capacities within the trading day and leading up to each 5-minute dispatch interval. For each 
market, the bids consist of a set of 10 price bands, in ascending order, that the participant can pick 
between the respective market floor and cap prices. These price bands are fixed for the whole trading 

 
1 Showing only the 6 of 10 price bands that were utilised. 
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day, whereas the corresponding capacity offered in each price band can vary for each dispatch interval 
(for example, the bids in Figure 47). 
In addition to the price bands and capacities, participants communicate a so-called FCAS-energy 
trapezium (for example, Figure 48), which conveys the allowed combinations of their FCAS and energy 
bids. This trapezium can capture physical equipment limitations, such as ramp rates and capacities. 

 
Figure 48. “Trapezium”2 linking the energy and raise regulation bids for the Ballarat Battery Energy 

Storage System (BALBG1). NEMDE can dispatch the unit at any point in the shaded blue region. 

Once a participant has had an FCAS market bid accepted, they must either, depending on the 
particular service, follow direct signals from AEMO, e.g., using the automatic generation control (AGC) 
system, or directly respond to deviations in frequency via a fast control loop. The 9 markets have a 
priority order, so that it is possible to bid into and participate in all the markets at the same time, and 
still have a well-defined response. 

5.1.2 Aggregators 

Aggregators3 have emerged to enable DER to provide services at a scale that the NEM is used to 
dealing with. However, many aggregators fulfil a number of different roles such as DER installer, 
technology provider, customer relations and network support provider. The wholesale market 
interactions are, for the most part, actually the least developed aspect, with separate retailers 
providing the wholesale energy market access to customers, and FCAS capabilities still in their infancy. 
From the market perspective, aggregators offer many advantages, as they reduce the number of 
participants and offer larger, more reliable market bids. They also have many benefits from the 
customer perspective, because they can enable market access at a reduced level of complexity / lower 
barrier to entry. Besides, with current market rules, most customers simply do not have enough 
capacity to directly participate in existing markets. 

5.1.3 Distribution system operator (DSO) 

While the aggregation of customer DER is generally good news, from the network management 
perspective it can make things more difficult, by synchronising the actions of DER in networks that are 
already nearing their limits. Recognising these challenges, the Open Energy Networks [31] project 
investigated how networks and the NEM can move towards a smart grid future that can enable DER 
integration among other things. 

 
2 In this instance the “trapezium” simplifies down to a triangle because unlike traditional generators, batteries 
are rarely ramp rate limited. 
3 We use the name aggregators to also represent virtual power plants, which are very similar in concept. 
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Open Energy Networks identified four high-level models, which mainly differ in how tightly integrated 
the wholesale market and distribution system platforms are, and who operates them. Depending on 
the choice, existing Distribution Network Service Providers (DNSPs) could play a more or less active 
role, and new independent entities could be created to oversee the system. 

The frameworks we develop most closely fit within the “Hybrid Framework” category; however, they 
could be adapted for the other categories. Therefore, without buying into any one model, we use the 
term DSO broadly to refer to the entity that coordinates aggregators with the distribution system 
requirements, regardless of who that entity may be in the future. 

5.2 Opportunities and challenges 
Thermal generation has historically provided the bulk of critical market services such as FCAS. As the 
market share of these generators reduces, these capabilities will need to be replaced. DER is highly 
suited to fulfill a large portion of this future requirement while also improving market efficiency: 

1. There is the potential for a huge aggregate DER capacity in Australia. The “Projections for 
small-scale embedded technologies” 2020 report [32] has predictions for residential batteries 
in the range of 2-13 GW of installed capacity by 2035. The same report forecasts a range of 1-
10 million electric vehicles by the same year, which, even if connected with 3kW slow chargers, 
still represent 3-30 GW of capacity. In the shorter term, even solar provides an opportunity to 
provide raise and lower services with the right control. 

2. This consumer investment can be leveraged, instead of having to buy dedicated grid-scale 
equipment to fulfill the role of providing FCAS. 

3. Inverter-based technology can provide a fast and accurate FCAS response. With the right 
control, it has the potential to outperform conventional electro-mechanical systems in this 
regard (Section 4). 

However, these benefits will only be obtainable if we can address the significant challenge of 
coordinating DER actions so that they do not overload the distribution network. 

5.2.1 Distribution network limits 

The two main type of limits in distribution networks are voltage and thermal limits. 
Voltages need to be kept within a narrow band at each customer’s connection point to meet 
regulations, designed for safety, protecting customer devices and ensuring they operate efficiently. 
Various other voltage limits may be imposed elsewhere throughout the distribution system to meet 
regional electricity codes or to achieve particular operating conditions, again to protect equipment 
and ensure the system operates predictably and efficiently. 
Thermal limits are designed to protect equipment such as transformers and conductors from 
overheating and being damaged due to resistive heating. The rated capacity (in terms of apparent 
power or current) typically sets these limits, but more restrictive limits could be imposed to achieve a 
particular safe operating region, e.g., if protection equipment is unable to reliably work under 
conditions it was not designed for. 
DER will push our distribution networks further to their limits than we have seen before. Technologies 
such as solar and batteries can inject power into the network, locally raising voltages and creating 
reverse currents. When charging electric vehicles and batteries from the grid on top of existing loads, 
we will at times lower voltages much more than before while also increasing currents. 
When DER are capable of providing services to the wholesale market and responding to market signals, 
we run the risk of further synchronising the actions of DER, thereby making their impact on the 
distribution network even more extreme. This needs to be carefully managed, and we will need to 
develop new approaches to coordinating the actions of DER so they can share the available network 
capacity. 
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Part of the challenge of accurately accounting for network limits is that they require detailed network 
models. The equations that govern power flows are non-linear, and the size of distribution systems 
creates a problem that can be very large and difficult to solve within operational timescales. 

5.2.2 Other challenges 

In addition to network considerations, DER face a number of additional challenges that are largely a 
result of their small unit size, location in the system and ownership. These include: 

1. Scaling the NEM from several hundred to potentially millions of end point participants. 
2. Resolving conflicts over the use of DER, i.e. customers, aggregators, retailers, the NEM and 

DNSPs may all have conflicting preferences. 
3. DER systems based on energy storage have a state over time that can make them more 

difficult to schedule / bid into the market to maximise their benefit. 
4. The presence of multiple aggregators / retailers that compete for the same network capacity. 
5. Market rules that are not favourable to DER, such as minimum size to actively participate and 

requiring separate bids for positive and negative flows. 
6. Predictability / reliability / observability for the NEM and DNSP operators. 

7. Finding suitable business models for aggregators and the DNSP. 

5.3 Requirements and assumptions 
In this section, we present the requirements of a framework that coordinates the actions of 
aggregators with networks and the NEM, addressing the challenges and maximising the opportunities 
for DER participation in FCAS markets. These are used to guide and assess the two designs (consensus 
and sequential) we implement and test in chapter 6. 

5.3.1 General 

Objective 

Ultimately, the design needs to deliver good outcomes for customers and align with the National 
Electricity Objective. The other objectives flow from there. For example, customers have a general 
interest in a wholesale market that operates efficiently, and for networks to have a source of revenue 
to reinvest back into the system. 

Justified complexity 

Power systems are already incredibly complicated, and we do not want to make the situation 
significantly worse without adequate justification. Complexity can arise in many ways, but in particular 
we acknowledge the new infrastructure that needs to be built and maintained, the data requirements, 
cognitive load of decision makers and operators, and the computational effort of algorithms that 
automate the system. 

Forward compatible 

The solution should be compatible with other DER use cases and other forms of DER on the horizon. 
A solution that narrowly focuses on solar curtailment runs the risk of being incompatible with 
providing wholesale services, delivering active network support or managing DER such as electric 
vehicles. 
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Robust and adaptable 

Safe and predictable fallbacks need to be built into edge systems to protect against communications 
failures and cyber attacks. The system should be able to identify and manage partial failures and still 
provide a useful service to the remaining connected units. It should be adaptable so that it can handle 
bad or missing data. 

5.3.2 Distribution system 

Distribution system operator (DSO) 

We assume the DSO has access to detailed distribution network data, can be trusted with sensitive 
aggregator information, and that it is transparent with strong oversights above it. 

Network data 

DNSPs will need to provide up-to-date MV and LV network models and some real-time telemetry to 
the DSO (which could be itself). It will be important to include switch states, transformer tap settings, 
and some network sensing data such as recloser voltages and currents. If real-time connection point 
data is available through smart metering, that may also be utilised to further improve decisions. 
Ultimately any approach that fulfils the robustness requirements needs to be able to function, albeit 
at a reduced effectiveness, where there is missing information such as no LV network data. 

Network support 

Network support is the active use of DER to either help the distribution network manage its constraints 
or operate more efficiently. Standard connection agreements, network tariffs and feed-in tariffs may 
naturally encourage DER behaviour that assists the network, it is therefore a grey area what should 
and should not be considered network support. We loosely use network support to cover the cases 
where atypical network agreements are arranged with individual customers or aggregators, and 
where the network offers dedicated incentives. 
In these circumstances the network has had to justify that the operational cost of provisioning network 
support from DER is less than the costs of strengthening the network for customers. It is also the case 
that networks have decided that key individual customers should be compensated for the network 
support they provide, rather dictating behaviour and passing on cost savings more evenly through 
lower tariffs. 
A framework that coordinates aggregators with the network needs, at minimum, to be able to factor 
in specialised connection agreements and external requests for network support. Better still, if it can 
automatically provision network support in a holistic way. 

5.3.3 Aggregation 

Market-level aggregation 

Aggregation plays an important role in enabling DER to access market services. It reduces the scale of 
the problem for NEMDE when integrating DER, and allows it to abstract away the fine details and 
instead focus on system-wide management. 

Network-level disaggregation 

Aggregators also need to be able to work with individual customers to effectively interface with the 
DSO. Without this, the DSO will not be able to maximise network utilisation or effectively enlist 
network support services from DER. 
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5.3.4 Wholesale markets 

Active FCAS market participation  

We assume aggregators can interact like existing generators with the FCAS markets. This means that 
an aggregator is either large enough to participate, or that NEM rules change to allow smaller 
capacities to participate. We assume that NEMDE can scale to modelling and managing multiple 
aggregations connected to each transmission node identifier (TNI). 

Active energy market participation 

Currently retailers act as price takers in the energy market, and pass on predicable prices to customers 
that recover wholesale costs (mostly hedged) and network tariffs. In the future, as DER becomes more 
pervasive, we expect that the roles between aggregators and retailers further overlap, and that DER 
will start to play an active role in the wholesale energy market. Therefore, any solution to DER 
coordination should be able to provide multiple market services at the same time. 
Note: In this project we design our approaches for this future scenario and experiment with DER 
participating in both energy and FCAS markets. However, our approaches can be easily tweaked to 
model the more near-term scenario where customer DER is exposed to existing retail pricing while 
participating in FCAS markets. 

Demand and generation symmetry 

In the existing market, load and generation are treated asymmetrically, in the sense that a battery has 
to submit separate bids for import and export. For example, the Ballarat battery has export and import 
bids under two separate identifiers BALBG1 and BALBL1, with Figure 47 only showing the export bids. 
While it is possible to work with this approach, it would be simpler for DER to provide a single bid that 
can cover both imports and exports at the same time. 
Note: To simplify our model, the sequential framework assumes this change has been made (AEMO 
are considering similar proposals [24]). 

Rebidding capacity 

Existing market rules require participants to provide their price bands day-ahead, which are common 
for all dispatch intervals in the trading day. Capacity can be rebid within the trading day, so long a 
suitable reason for the change can be given. DER such as storage will need to make frequent use of 
this rebid capability to effectively react to changes in prices and manage its state of charge. 
Note: Our sequential approach assumes that the prices can also be rebid at will, in order to explore a 
more dynamic market setting. However, this is by no means necessary, and both the approaches can 
work with fixed daily price bands. 

Elastic bids 

We distinguish between price inelastic and price elastic bids. With the inelastic bids, aggregators 
submit their preferred capacity at either the market cap (for import), or market floor price (for export). 
This way they can almost guarantee they will be dispatched in a particular way, but at the risk of being 
more exposed to the volatility of prices. This inelastic bidding strategy works well when prices can be 
accurately predicted for the upcoming dispatch interval, but in reality, prices can be volatile and 
difficult to forecast. 
An elastic bidding strategy provides a bid stack that represents an aggregator’s full capability and 
preferences. It is less reliant on predictions and offers more transparency and flexibility to AEMO.  
However, it can require more computational effort and, for the case of storage which has a state-
dependence, it can be difficult to determine a representative bid stack beyond just the next dispatch 
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interval. Longer term we expect aggregators to produce elastic bids, so any network coordination 
needs to be compatible with them. 
Note: Both of our coordination frameworks could work with elastic bids, at the cost of a higher 
computational effort, but in this project we only experimented with elastic bidding under the 
sequential framework. 

Service reliability 

Customers are exposed to uncertainty over their consumption; and the availability of resources such 
as solar irradiance, and electric vehicles coming and going. When aggregated over many customers, 
these uncertainties normally start to cancel out, providing a much more predictable aggregate signal. 
Therefore, wholesale market service delivery should be accounted for at the aggregate level rather 
than individual customer level. As discussed, network limits are more sensitive to the response of 
smaller clusters of individuals on the network, so they will need to factor in a greater degree of 
uncertainty compared to the aggregate signal. 

5.3.5 Customer  

Communication 

We assume customers have an internet-connected energy management system that is able to 
communicate with an aggregator and locally manage DER. The less sensitive information that needs 
to be communicated the better, which in some cases can be achieved by computing part of the bidding 
calculation locally on the energy management system itself. 

Local response 

The energy management system needs to be able to measure and respond to frequency deviations, 
and to receive droop curve or set point updates in the case where it is providing regulation services. 
The controller also needs to be able to control the connection point power to remain within dynamic 
limits, making use of the available DER. 

5.4 Related approaches 
Over the life of this project the concept of dynamic operating envelopes has gained significant traction 
within Australia. For the solutions in this project, part of their calculation involves determining safe 
operating regions for customer connection points within which FCAS response can be provided. This 
is analogous to the dynamic operating envelopes concept, and therefore in this section we explain 
how our approaches relate to existing dynamic operating envelope proposals.  
One of the two implementations we develop has been heavily influenced by the Network-Aware 
Coordination approach developed as part of the Consumer Energy Systems Providing Cost-Effective 
Grid Support (CONSORT) project [30], which we will also look at in greater detail. 

5.4.1 Dynamic operating envelopes 

Dynamic operating envelopes is a concept that has been advancing over the life of this project, most 
notably through the Evolve [23] and Advanced VPP Grid Integration [25] ARENA-funded projects. More 
recently the ARENA Dynamic Operating Envelopes Workstream [26] was established and the ARENA-
funded Victorian Distributed Energy Resources Marketplace Trial [27] commenced which will develop 
an operating envelope approach within the Victorian context. 
The core idea is to allow a DSO to dynamically set limits on the transfer of power to and from the grid. 
These limits can either be imposed on individual customer connection points, or for an aggregate local 
region of the network. They are typically considered to be hard limits that the aggregator or customer 
DER controllers must obey, and they can change for each 5-minute market dispatch interval. These 
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dynamic limits contrast with the conventional static limits that are part of connection agreements 
between a DNSP and a customer. 
Beyond this, dynamic operating envelopes vary depending on the implementation. Other than the 
requirement that they should ensure network constraints are not violated, there is no other 
commonly agreed-on objective or set of constraints to follow when determining the envelopes. These 
extra requirements are extremely important in practice because they will determine how well the 
envelopes work for customers, aggregators and the wider market. 
The Evolve Project knowledge sharing report [28] categorises the allocation of network capacity to 
dynamic operating envelopes in the following ways: 

1. “An equal allocation of real and reactive power capacity to each participating DER asset or 
connection point.” 

2. “An allocation of real and reactive power capacity that equally impacts voltage rise or fall at 
the location of the binding constraint. Such an allocation would significantly favour network 
locations close to the upstream transformer so is likely to be considered unfair.” 

3. “An allocation of real and reactive power capacity that relates to the marginal cost of 
generation.” 

4. “An allocation of real and reactive power capacity based on the energy or ancillary service bid 
price. This allocation would effectively correspond to the creation of a DER merit order effect 
in markets for energy and ancillary services.” 

The existing operating envelope approaches investigated to date have focused on the first two 
categories, which ignore the preferences of customers / aggregators. In their simplest form they only 
require one way communication of information from DSO to customer, namely the envelopes 
themselves. Because these simple approaches do not factor in local customer preferences, constraints 
or state, they can lead to an inefficient allocation of network capacity. For example, under an equal 
allocation scenario, a customer with an electric vehicle that is fully charged will get allocated their 
share of demand capacity despite not being willing or able to use it, and this may come at the expense 
of other customers who wish to use additional capacity. These problems particularly surface when 
customers are heterogeneous in terms of their DER installations, retail tariffs, preferences and habits. 
Improvements can be made to these first two approaches by enabling the flow of information back 
the other direction from customer to the DSO. Some proposals have suggested communicating 
connection point baselines [28] or DER capabilities [29] to tune dynamic operating envelopes to more 
likely network conditions. Unfortunately, it is often difficult to rely on this information as there is a 
misalignment of incentives, meaning that customers / aggregators can gain an advantage over others 
sharing the network by misreporting their circumstances. 
Approaches within the third and fourth categories have the greatest potential to maximally utilise the 
network capacity, and to do so more efficiently from a market perspective. While it is extremely 
difficult to eliminate all opportunities for participants to game the system to their advantage, when 
an allocation approach is designed with this in mind, the incentives of customers and aggregators can 
be better aligned with that of the overall system. 
The two approaches developed and investigated within this project, when viewed through the lens of 
dynamic operating envelopes, can be interpreted as fitting within these last two categories:  the 
consensus approach within 3, and the sequential approach within 4. As such, compared to the prior 
work we present techniques for calculating dynamic operating envelopes that can coordinate multiple 
aggregators on the same network, and develop aggregator bidding strategies within these limits 
enabling participation in both energy and FCAS markets. 

5.4.2 CONSORT: Network-aware coordination 

Network-aware coordination (NAC) [33] was developed as part of the CONSORT project [30] to 
automate and optimise network support from DER. NAC solves optimal power flow (OPF) for the 
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network, factoring in customer preferences for energy consumption and the network constraints. The 
problem is split into customer and network subproblems, which iteratively negotiate on connection 
point real and reactive powers alongside locational marginal prices for the support when the network 
is congested. Figure 49 provides an overview of the algorithm. 

 
Figure 49. NAC algorithm. 1: the NAC cloud servers model the network and operating conditions; 2: 

if network support is required to avoid constraint violation, prices and requested support are sent to 
each customer; 3: customers provide their optimal response to the provided prices. The algorithm 
iterates between 2 and 3 until it converges to a network-feasible solution with the optimal amount 

of network support. 

In CONSORT customers were optimising their response to retail prices rather than bidding into the 
wholesale market for services. They could therefore agree on a well-defined single operating point 
with the network.   
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6. Network-secure bidding for DER aggregators 
This chapter outlines two frameworks that support DER aggregators making MV-LV network-secure 
bidding decisions in energy and FCAS markets. This chapter is divided into four sections. The first and 
second sections describe these bidding frameworks and implementation of them, and the third and 
fourth sections present case studies and discuss the results.  

6.1 Network-secure bidding frameworks 
The current design of the NEM does not allow the DSO to participate in the network evaluation of 
aggregator bids, in order to mitigate distribution network problems produced by the market 
participation of aggregators. In this project, we propose that aggregators collaborate with the DSO to 
compute energy and FCAS bids that do not violate the physical limits of the distribution networks. We 
ensure network security of the energy and FCAS bids prior to reaching the wholesale markets, which 
minimizes the disruption of the existing market design.  
In this project, we propose the following two network-secure bidding frameworks to coordinate 
aggregators with the DSO: 

1. Consensus framework; 
2. Sequential framework. 

These frameworks both obtain network-secure bids; however, they differ in how they achieve this, 
and the quantity and quality of the bids that that make it to market. Table 4 compares some of these 
high-level characteristics. Both frameworks enable the participation of aggregators in energy and FCAS 
markets, while ensuring network security, data privacy, and a clear separation of aggregator and DSO 
roles. 
The first difference relates to how network security is coordinated with the aggregators. The 
consensus framework enables iterative negotiation between aggregators and the DSO until they arrive 
at a consensus set of network-secure bids. Under the sequential framework, only a single iteration is 
used. Because of this, the consensus approach has the potential to achieve overall better outcomes 
for the aggregators, at the cost of a higher computation and communication requirement. The final 
difference is in how the two approaches decide to allocate the available network capacity (i.e. the 
operating envelope category). Consensus uses locational marginal pricing to allocate capacity in the 
optimal way, i.e. to the aggregator / prosumer who can obtain the most value from it. The sequential 
framework instead works directly with the bids that aggregators intend to submit to NEMDE, where 
it prefers to allocate more capacity to bids that are more competitive. 

Table 4. Characteristics of consensus and sequential frameworks. 

Characteristic Consensus framework Sequential framework 

Energy market Yes Yes 

FCAS markets Yes Yes 

Data privacy4 Partial Partial 

Role separation Yes Yes 

Network security Yes Yes 

Coordination mechanism  Iterative One-shot 

 
4 While both approaches require communicating anticipated connection point power of customers with the DSO, 
they do not need to send more sensitive device-specific information. The DSO will need to secure this 
information to a similar degree as existing aggregator and DNSP smart-meter data. 



   
 

 
 Optimal DER Scheduling for Frequency Stability – Study Report          59 

 

Aggregator outcome Optimal Sub-optimal 

Communication requirements High Low 

Computational complexity High Low 

Operating envelope category 3: Locational marginal prices 4: Bid merit order 

 

In the next two sections, we describe in detail the consensus and sequential frameworks. In addition 
to these two different overarching frameworks for coordinating aggregators with the DSO, there are 
two other design choices which are independent of what framework is used. They are the: 

1. Bidding model: what information goes into forming the bids and what final form the bids take 
on; and 

2. Optimal power flow (OPF) model: how accurate the OPF model is that the DSO uses to 
constrain the aggregators. 

Our experiments compare various combinations of these bidding and OPF models with our 
frameworks to identify the relative benefits. They are explained in greater detail in the aggregator and 
DSO sub-problem sections. 

6.1.1 Consensus framework 

The consensus framework supports the network-secure participation of DER aggregators in energy 
and FCAS markets. It enables aggregators to maximize their profits in the NEM, while ensuring the 
secure operation of distribution network. 
The consensus framework5 uses the alternating direction method of multipliers (ADMM) to iteratively 
negotiate a set of consensus bids between aggregators and the DSO. The consensus framework 
comprises three successive steps per iteration, as illustrated in Figure 50. In the first step, aggregators 
solve a bidding optimisation problem (the aggregator sub-problem) to obtain a set of desired bids and 
operating envelopes (𝑃𝑃). In the second step, the DSO evaluates the network feasibility of the desired 
operating envelopes by solving a set of multiphase OPF (the DSO sub-problem). This results in a set of 
network feasible operating envelopes �𝑃𝑃��. In a third step, the DSO computes locational marginal 
prices (𝜋𝜋) to penalize network violations. These prices are used in both aggregator and DSO sub-
problems to penalise the calculation of operating envelopes that either violate network constraints, 
or that deviate too strongly from the preferences of the aggregator. This process is iterated until a 
consensus solution is obtained. 
More detailed information about consensus frameworks can be found in [34], [35], and [36]. The 
analysis of the network locational prices generated as part of this approach are out of scope of this 
project; however, the CONSORT project [33] has some results for the pure network support case 
without market interactions. In this project we use the prices purely as a signal for coordinating 
behaviour. The future work Section 6.6 discusses further design and analysis that should be done in 
this area. 

 
5 The consensus framework is an extension of the NAC platform developed in the CONSORT project. Here, the 
consensus framework evaluates the network feasibility of multiple operating points, enabling FCAS participation, 
rather than just a single operating point as in the NAC platform. 
 



 

60 Optimal DER Scheduling for Frequency Stability – Study Report 
 

 
Figure 50. Consensus framework. 

6.1.2 Sequential framework 

Under the sequential framework, aggregators and DSO collaborate to compute network-secure bids 
by solving their respective sub-problems, in a one-shot rather than iterative manner, as illustrated in 
Figure 51. In the first step, aggregators compute their bids (𝑃𝑃) by solving a bidding optimisation 
problem (the aggregator sub-problem). In the second step, the DSO evaluates the network feasibility 
of the bids �𝑃𝑃�� by solving a set of multiphase OPF problems (the DSO sub-problem). The multiphase 
OPF constrains the bids to be within the network limits (effectively allocating an operating envelope), 
preferencing those that will be more competitive in the wholesale markets. Afterwards these bids are 
sent through to NEMDE. 

 
Figure 51. Sequential framework. 

More detailed information about sequential bidding frameworks can be found in [37] and [38]. 

6.1.3 Aggregator sub-problems 

There are several different approaches to bidding that the aggregator sub-problems can adopt. In this 
project, we explored two different models, as follows: 

1. Inelastic: the bidding optimisation model computes the bid quantity for a single price band in 
each energy and FCAS market. The aggregator submits the bids at either the floor or cap prices, 
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in order to ensure the market accepts the full quantity. This type of behaviour is typically 
known, as price-taking behaviour. In addition, the bidding optimisation model also computes 
scenarios of network operation (the operating envelope), as illustrated in Figure 52; 

 
Figure 52. Example output of the inelastic approach. 

2. Elastic: the bidding optimisation model computes energy and FCAS bids (quantities) for 
multiple price bands. This may enable the DER dispatch to be better tuned to the final market 
price, rather than just the forecast price which might not eventuate. In line with the NEM, the 
relationship between the energy and FCAS bids can be represented by trapezium regions, as 
illustrated in Figure 4. These trapezium regions define possible scenarios of network operation.  

 
Figure 53. Example output of the elastic approach for three price bands. 

6.1.4 DSO sub-problems 

The DSO sub-problems involve solving multiphase OPF problems in both frameworks. The multiphase 
OPF problems evaluate the network feasibility over the operating envelopes, which can assume 
different forms, as illustrated in Figure 52 and Figure 53. They modify the operating envelopes to 
ensure that the aggregator bids will not violate the constraints of the distribution network. 
We explore the use of three different network models in the multiphase OPF problems. They vary in 
how accurately they can account for network constraints, the network observability they provide and 
their data requirements. These DSO network models are: 

1. Network-free: no network data required, but no accounting for network constraints or 
observability; 

2. MV network-secure: MV network data required, MV network observability and constraints 
accounted for; 

3. MV-LV network-secure: MV-LV network data required, MV and LV network observability and 
constraints accounted for. 

Energy (demand) Raise FCAS Lower FCAS
Raise FCAS activation Lower FCAS activation

Bids Extreme scenarios of 
network operation
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6.2 Implementation and methodology 
The consensus and sequential frameworks were implemented to conduct a series of simulations. The 
implementations take as input network and customer models, as well as time-series load, generation 
and price data over the forward horizon. From these, the frameworks optimise a set of network-secure 
bids for the upcoming dispatch interval. The market reaction to the bids, i.e. the dispatch and 
enablement instructions, are simulated, and then finally the response during the dispatch interval and 
resulting changes to storage state-of-charge are simulated. The process is then repeated for the next 
dispatch interval. From these simulations the revenue and network performance can be analysed. 
The consensus and sequential framework implementations differ in the set of features they support. 
This means that when we compare them, we have to only work with the subset of features common 
to both. Table 5 lists some of these differences in feature implementation. Note that for the most part 
these differences are not because of some intrinsic limitation of one framework over the other (such 
as discussed in Table 4), but rather due to project time constraints. 

Table 5. Implemented features for each framework. 

Feature Consensus Sequential 

Network Constraints Voltage, Thermal Voltage 

Power-flow Model Non-linear Linear 

Bidding Model Inelastic Inelastic, Elastic 

FCAS Markets Contingency, Regulation Contingency 

Price Resolution 30 minutes 30 minutes, 5 minutes 

Uncertainty Regulation AGC signal Energy and Contingency Prices 

Pre-empting network constraints Full forward horizon Next interval only 

6.3 Case study 
The case study addresses the participation of an aggregator in the NEM, situated in Tasmania on 
December 20th, 2019. The aggregator manages a portfolio of clients divided into prosumers (those 
with DER) and consumers. We only consider a single aggregator because both frameworks are agnostic 
to the number of aggregators in the system. This means that the performance will be the same 
whether there are multiple aggregators or just one large aggregator in the system6. 
In this project, we studied the economic, network, and computational performance of the network-
secure bidding frameworks in three Tasmanian distribution networks with different scenarios of DER 
participation. 

6.3.1 Test networks 

We studied three distribution network feeders from Tasmania: Lindisfarne; Sandy Bay; and Burnie. 
Table 6 lists the main characteristics of each network, as modelled within our DSO sub-problems. 
Appendix 1 details how these models were constructed from available data. Burnie is the largest 
network with 2813 buses and 2541 loads followed by Sandy Bay with 1726 buses and 1124 loads and 
Lindisfarne with 738 buses and 522 loads. The loads represent a mix of individual and aggregated loads 
and can be either 1-phase or 3-phase.  

 
6 This would change if the strategic interactions between aggregators are explicitly modelled, but that is 
outside the scope of this project. 
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Table 6. Characteristics of the multi-phase MV-LV test networks. 

Networks Voltages Buses Lines MV/LV transformers Loads 

Lindisfarne 
MV: 11 kV 

LV: 0.43 kV 
738 732 5 522 

Sandy Bay 
MV: 11 kV 

LV: 0.43 kV 
1726 1715 10 1124 

Burnie   
MV: 22 kV 

LV: 0.43 kV 
2813 2772 40 2541 

The Sandy Bay network is presented in Figure 54 for ilustrative purposes. The MV areas are coloured 
in red and the LV areas in grey. 

 
Figure 54. Sandy Bay network from Tasmania, Australia (not to geographical scale). 

The voltage limits of the 3 networks are fixed at 0.94 and 1.1 p.u. in the LV areas, and at 0.9 and 1.1 
p.u. in the MV areas, according to the Australian standard 60038. For simplicity, the voltage at the 
head of the MV feeder is considered to be constant at 1.02 p.u. 
In Tasmania, the DNSP (TasNetworks) imposes 7-14 kW/phase and 10 kW/phase as import and export 
limits, respectively. These limits do not constrain the operation of the prosumers in this case study.  

More details about how the test networks were generated can be found in Appendix 1. 

6.3.2 DER and background loads 

The aggregator is responsible for representing consumers and prosumers in the NEM. The prosumers 
can own 5 kW / 13.5 kWh battery energy storage systems (BESS) with a round trip efficiency of 0.9, as 
well as rooftop photovoltaic (PV) systems ranging from 3 to 6 kW. Table 7 presents the scenarios of 
DER participation considered in this project, listing the percent of customers with PV and battery 
systems in each scenario. Note that all customers with batteries also have a PV system, but necessarily 
the other way around. 

MV
LV
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Table 7. Scenarios of DER participation. 

Scenario of DER participation Customers with PV (%) Customers with BESS (%) 

P40B10 40 % 10% 

P50B15 50 % 15% 

P60B20 60 % 20% 

P70B25 70 % 25% 

P80B30 80 % 30% 

P90B35 90% 35% 

P100B40 100% 40% 

The background load of all customers and the PV generation of the prosumers were modelled using 
real data of residents. More details about this data can be found in Appendix 1. 

6.4 Results 
In this section, we present the economic, network, and computational performance of the consensus 
and sequential frameworks. This section is divided into five other sections. The first two sections 
present the main results for the two frameworks when operating with their full set of implemented 
features. This is followed by a more direct comparison of the two frameworks. The final sections 
explore the impact of price uncertainty, the amount of DER in the system and network size. 

6.4.1 Full-featured consensus framework 

This section highlights the main results for the consensus framework, including the optimised bids, 
economic performance, network impact, and computational performance. Throughout we explore 
the impact of the DSO using network models of varying accuracy, as outlined in section 6.2. 
We make use of the full set of features implemented for the consensus framework. The Sandy Bay 
network is used with the P60B20 DER scenario for this analysis. The other networks and DER scenarios 
will be explored in later sections. 

Optimised bids 

Figure 55 shows the market prices and the MV-LV network-secure bids for the consensus framework 
on our case study. All four lower market bids are very similar, and all four raise market bids are very 
similar. Therefore, to simplify the figure, we only show the max capacity bid into each group of FCAS 
markets. Similarly, the lower and raise prices are respectively summed into a combined value to 
represent the total value of lower and raise services. 
In the middle of the day the aggregator is able to provide larger FCAS bids, represented by the central 
bulge in bids in Figure 55. This is because the solar inverters can be curtailed either pre-emptively to 
provide raise service, or after an event to provide lower service. Outside these hours only the batteries 
are able to provide FCAS. 
Negative energy prices predictably lead to the aggregator submitting a small / negative energy bid so 
that it can charge its batteries during these times. The large peak in raise prices leads to battery 
charging as well, so that the maximum raise bid can be submitted. 
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Figure 55. The bids produced by the MV-LV secure consensus framework for the market prices. To 

aggregate the markets, the prices represent the sum and the bids the max capacity, across the 
respective lower and raise FCAS markets. 

Economic performance 

Table 8 shows the revenue the aggregator obtains in each market, for each DSO network model. While 
the aggregator participates in all markets, most revenue was generated in the raise markets, 
particularly the raise regulation and 6s raise contingency markets. 
The network-free strategy presents the highest total profit of $2396.8, outperforming the MV and 
MV-LV network-secure strategies with profits of $2348.2 and $2330.5, respectively. However, the 
results of the network-free and MV network-secure strategies are network-infeasible, as will be 
demonstrated in next network analysis sections, since they violate the network constraints. The 
imposition of the network constraints by the MV and MV-LV network-secure strategies reduces the 
profit of the aggregator by $48.6 (2%) and $66.3 (2.8%) compared to the network-free strategy. We 
will see this is explained by the distribution transformer thermal (included in the MV model) and LV 
network voltage constraints being enforced respectively in each DSO network model. 

Table 8. Economic results. Positive values are revenues and negative values are costs. 

 Network-free MV network-secure MV-LV network-secure 

Energy ($) -505 -532 -535 

Raise 6-s ($) 950 949 949 

Lower 6-s ($) 10 10 10 

Raise 60-s ($) 346 344 342 

Lower 60-s ($) 4 4 4 

Raise 5-min ($) 30 30 30 
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Lower 5-min ($) 5 4 4 

Raise regulation ($) 1173 1166 1157 

Lower regulation ($) 384 373 370 

Total ($) 2397 2348 2331 

Network voltage analysis 

The network-free strategy does not attempt to constrain the aggregator bids within the MV and LV 
network constraints. Under this strategy, we identify 15,151 undervoltage and 15,356 overvoltage 
violations distributed over 5 different LV feeders when the scenarios of lower and raise FCAS activation 
are simulated, respectively. No MV voltage violations are observed, as illustrated in Figure 56. The LV 
violations would lead to some DER tripping from the network, which means that the aggregator would 
not be able to fully deliver on the services it traded in the NEM. The aggregator could end up being 
expelled from the NEM due to consecutive underperformance. 

 
Figure 56. Maximum and minimum voltages for the network-free DSO model. 

Most of the undervoltage and overvoltage problems are observed between hours 8 and 18, as 
illustrated in Figure 56 and Figure 57, since the full aggregator’s flexibility is only available during 
daylight hours, as discussed in previous section. During this period, the aggregator can exploit the 
flexibility of both the BESS and PV to provide raise and lower FCAS.The MV network-secure strategy 
produced a lower number of undervoltage (4,571) and overvoltage (14,066) violations than the 
network-free strategy. The voltage violations can be observed in Figure 58. This reduction suggests 
that the enforced distribution transformer thermal constraints included in the MV model indirectly 
help a small amount with LV voltage problems.  
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Figure 57. Number of voltage violations for the network-free DSO model. 

 
Figure 58. Maximum and minimum voltages for the MV network-secure DSO model. 

Contrary to the other two strategies, the MV-LV network-secure strategy has full network 
observability. This enables the DSO to ensure that aggregator bids do not violate the voltage 
constraints of the MV and LV networks. As a result, no voltage violations are observed in the MV and 
LV areas of the network for any scenario of FCAS activation, as shown in Figure 59. 

 
Figure 59. Maximum and minimum voltages for the MV-LV network-secure DSO model. 

Network congestion analysis 

The network-free strategy leads to a total of 309 congestion violations over two MV/LV transformers 
in the Sandy Bay network, when lower FCAS activation is simulated. These congestion problems are 
illustrated in Figure 60 and Figure 61. Transformer 5 was subjected to 80 violations, while transformer 
10 was subjected to 229 violations. Both network-secure strategies have observability over these 
MV/LV transformers. Therefore, they avoid these 309 congestion problems, as shown in Figure 60 and 
Figure 61. 
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Figure 60. Maximum current values observed in MV/LV transformer 5. 

 
Figure 61. Maximum current values observed in MV/LV transformer 10. 

Computational performance 

Table 9 reports the range of execution times required for each 5-minute dispatch interval. These are 
parallel execution times, that is the time it would take in a highly parallel compute environment. The 
results show that the more sophisticated DSO network models require more time to compute. 
However, the full MV-LV DSO model is still fast enough to keep up with the 5-minute resolution of the 
NEM. Note that these execution times only account for the computational effort, so they will increase 
once communication delays are accounted for.   

Table 9. Execution times under the consensus framework. 

  Problems Min. time Avg. time Max. time 

Network-free Aggregator 0.001 s 0.008 s 0.08 s 

MV network-secure Aggregator + DSO 3.6 s 6.0 s 10.9 s 

MV-LV network-secure Aggregator + DSO 4.0 s 7.9 s 13.9 s 

6.4.2 Full-featured sequential framework 

We perform a similar set of experiments for the sequential framework, with its most accurate set of 
implemented features (listed in Table 5) enabled. This includes elastic bids, market price uncertainty 
and 5-minute price resolution. As such, we cannot directly compare these results to those of the 
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consensus framework from the previous section, but we are still able to point out some interesting 
differences. A more direct comparison of the two approaches will be done in section 6.4.3, where we 
restrict the two approaches to a common feature subset. 

Economic performance 

Many of the results provide equivalent insights to those of the consensus framework, so to avoid 
repetition we only present the most important results. Table 10 presents the network-free and MV-
LV network secure revenue for the sequential framework on the P60B20 DER scenario. Like the 
consensus approach, making the aggregator bids MV-LV network-secure only incurs a small additional 
cost for this DER scenario. 
The key difference from the consensus result is the lack of regulation FCAS bids. This leads to a 
significant reduction in aggregator revenue, indicating it is important not to neglect this market. 
Compared to the consensus results, the energy market returns are here a net benefit. This is because 
maximising the regulation market output requires a trade-off with the response in the energy market. 

Table 10. Economic results. Positive values are revenues. 

 Network-free MV-LV network-secure 

Energy ($) 289 279 

Raise 6-s ($) 1162 1156 

Lower 6-s ($) 14 13 

Raise 60-s ($) 297 295 

Lower 60-s ($) 4 4 

Raise 5-min ($) 15 15 

Lower 5-min ($) 4 4 

Total ($) 1785 1766 

 

Network voltage analysis 

Figure 63 shows the network voltages that result for the sequential framework with using the MV-LV 
network-secure DSO model. As expected, all voltages are kept within the strict network limits. One 
point of difference from Figure 56 is that in the middle of the day the voltages do not approach the 
lower limit. This is again a result of a lack of regulation market bids, whereas the consensus framework 
earns a significant return by providing lower regulation service at these times. 
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Figure 17. Maximum and minimum voltages for the MV-LV network-secure DSO model. 

Computational performance 

Table 11  shows the timings of the network-free and MV-LV network-secure DSO models, assuming 
that parallel processing is available. These times do not include communication overhead. However, 
unlike the consensus framework, the negotiation here is one-shot rather than iterative, which reduces 
the communication to a single message in each direction. 

Table 11. Execution times under the sequential framework. 

 Problems Max. time 

Network-free Aggregator 0.21 s 

MV-LV network-secure Aggregator + DSO 1.19 s 

6.4.3 Consensus and sequential comparison 

As shown in the previous sections, both the consensus and sequential frameworks allow the 
aggregator to participate in the NEM, while ensuring MV-LV network security. In this section, we more 
directly benchmark the frameworks by using a subset of features implemented for both: inelastic bids, 
an MV-LV DSO model, only voltage constraints, energy and contingency FCAS markets, 30-minute 
resolution prices and no uncertainty.  One notable remaining implementation difference is that the 
consensus framework uses a more accurate non-linear power flow model, while the sequential 
framework still uses a linear model. 
The two frameworks are compared using the Sandy Bay network with the P60B20 DER scenario.    

Economic performance 

Table 12 compares the aggregator revenue each approach achieves. The sequential framework 
achieves a 0.7% ($14) higher revenue. This is close to the error of the linear approximation used by 
the sequential framework, so overall we consider the two frameworks to have an equivalent economic 
performance for this test case. The expectation is that the consensus framework will outperform the 
sequential framework in a wider set of circumstances, because of its ability to better optimise the bids 
over a series of negotiations. Particularly, we expect the consensus framework to have an advantage 
as aggregators and prosumers become more heterogeneous. This includes greater variety in DER types 
and capabilities, prosumer preferences, aggregator-prosumer agreements, aggregator participation 
strategies, price forecasts and network tariffs. We will need a larger set of case studies to demonstrate 
these differences, which we leave to future work. On the other hand, it encouraging to see that the 
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simpler sequential framework can compete with the consensus framework, at least in situations 
where participants are relatively homogeneous. 

Table 12. Economic results. Positive values are revenues. 

 Consensus Sequential 

Energy ($) 337 344 

Raise 6-s ($) 1196 1198 

Lower 6-s ($) 11 14 

Raise 60-s ($) 354 356 

Lower 60-s ($) 6 6 

Raise 5-min ($) 25 25 

Lower 5-min ($) 6 6 

Total ($) 1935 1949 

Computational performance 

The sequential framework (1.19 s) is 8 times faster than the consensus framework (9.96 s). However, 
both coordination frameworks are able to execute within a timeframe that is appropriate for use with 
the 5-minute dispatch intervals of the NEM. 
Our experiments did not include the communication time between the aggregators and the DSO. On 
average the consensus framework required 6 iterations (12 messages communicated) while the 
sequential framework always obtains a solution in 1 iteration (2 messages communicated). So, the 
time difference between the two frameworks is expected to increase when the communication time 
is accounted for.  

6.4.4 Impact of price uncertainty 

In this section, we discuss the impact of price uncertainty on the economic performance of the 
aggregator. To perform this analysis, we use inelastic and elastic bidding models within the sequential 
framework, without considering the network constraints (network-free). In addition to the inelastic 
and elastic models using forecasted prices, we compare them to an unrealisable perfect information 
case: 

• Perfect: the same as the inelastic model but where perfect forward information about the 
market clearing prices is used instead of a forecast when generating the bids. This case is not 
obtainable in practice, but it provides a baseline that can be used to measure the impact of 
uncertainty on bidding. 

The three bidding models (inelastic, elastic, and perfect) are compared using the P60B20 DER scenario. 
Table 13 reports the revenue obtained in each market for the three types of bids. Notice that when 
aggregators have perfect price information, they can schedule DER to achieve the highest possible 
return. However, this is not the case in a real-world setting, where aggregators schedule prosumers 
according to a price forecast which can be different from what prices the market clears at. As reported 
in Table 8, when aggregators do not have perfect information, as in inelastic and elastic, they obtain 
less benefit. The elastic approach is able to partly compensate for price uncertainty. The inelastic and 
elastic approaches respectively lost 12% and 10% of the profit of the ideal perfect case. We expect the 
gap between elastic and inelastic approaches to increase as DER market share increases and prices 
become more difficult to predict.  
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Table 13. Economic results obtained using different bidding models. Positive values are revenues. 

 Perfect Inelastic Elastic 

Energy ($) 499 314 289 

Raise 6-s ($) 1162 1134 1162 

Lower 6-s ($) 14 15 14 

Raise 60-s ($) 288 270 297 

Lower 60-s ($) 5 4 4 

Raise 5-min ($) 18 17 16 

Lower 5-min ($) 5 4 4 

Total ($) 1991 1758 1786 

6.4.5 Impact of DER penetration 

As demonstrated in section 6.4.1, it is critically important for network security and bid reliability for 
aggregator bids to be limited within the constraints of the distribution network. The alternative to this, 
which will be economic under certain circumstances, is to strengthen the distribution network through 
upgrades so that constraints are no longer binding. Our network-free experiments simulate the extra 
market revenue aggregators could achieve with such network upgrades. In this section we explore 
how this gap in revenue changes with network DER penetration. To do this, we benchmark MV-LV 
network-secure against network-free for the consensus framework for the eight DER scenarios, 
representing increasing numbers of DER in the system. 
In addition to the economic analysis, this section also explores how DER penetration impacts the 
network constraints and computational performance of the consensus framework. The Sandy Bay 
network is used to perform this study, where the aggregator participates in all 9 markets. 

Economic impact 

Figure 62 shows how aggregator profit changes with each DER scenario, where the amount of DER 
increases from left to right. As expected, aggregator profit increases as the amount of DER increases 
since the aggregator can provide more services to the NEM. The gap between the network-free and 
network-secure cases increases as the amount of DER increases, indicating that the DER start to 
compete with each other. The results show that in the most extreme scenario, P100B40, the 
aggregator stands to lose up to 13% of the profit it could achieve if there were no network binding 
constraints. This loss of profit could be put into a business case calculation for whether or not the 
network should be upgraded to enable more DER capacity to reach the market. It is a promising to see 
that the consensus framework can enable the majority of the DER value to reach the market, at such 
high levels of DER, despite being heavily constrained by the network. 
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Figure 62. Aggregator profit for each DER participation scenarios. 

Network impact 

Larger amounts of DER increases the risk of the bids computed by the aggregator producing network 
problems, when their calculation is not coordinated with the DSO. The results illustrated in Figure 63, 
Figure 64, and Figure 65 show that the network-free strategy produces outcomes with voltage and 
congestion problems in all DER participation scenarios. The severity and number of violations 
increases significantly with the number of DER, making it very insecure to operate the power system 
in these conditions. 
All voltage problems were observed in LV areas of the network. This finding suggests that most of the 
voltage problems will first arise in LV areas before reaching MV areas. This highlights the importance 
of accounting for the LV network in the DSO power flow model. Many Australian DNSPs currently have 
no or unreliable LV network data, and limited network sensing. In the coming years it will be important 
to collect this data to enable the safe and efficient coordination of DER. 

 
Figure 63. Undervoltages observed in the LV areas under the network-free DSO model. 
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Figure 64. Overvoltages observed in the LV areas under the network-free DSO model. 

 
Figure 65. MV/LV transformer overloads observed under the network-free DSO model. 

Computational impact 

The execution time of the consensus and sequential frameworks is impacted by the number of 
prosumers with DER in the system. As expected, Figure 66 shows that computational time increases 
with the number of DER for the consensus framework with a MV-LV network-secure DSO model. An 
important observation is that the framework scales well for scenarios with very high DER participation, 
such as P10040 with 1574 DER, presenting suitable execution times for participation in the NEM. 

 
Figure 66. Evolution of the execution time for the MV-LV network-secure DSO model. 
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6.4.6 Impact of network size 

In this section, we investigate how aggregator and network performance changes with network size 
and how the framework computational time is impacted. To perform this analysis, we present the MV-
LV secure and network-free results for the consensus framework with our three networks for the 
P100B40 DER scenario. 

Economic and network impact 

Aggregator profit increases with network size, as illustrated in Figure 67 since bigger networks have 
more customers, and consequently more DER. 
The inclusion of MV-LV network constraints reduces the profits of the aggregator in all three networks. 
However, this effect is more accentuated in Sandy Bay, where the profit is reduced by 13% compared 
to the 10.2% of Burnie. The reason for this result is related to the number of times that the MV-LV 
network constraints are bounded. Sandy Bay presents the highest number of binding constraints 
under the MV-LV network-secure strategy, since it presents the highest number of network violations 
under network-free, as illustrated in Figure 68. 

 
Figure 67. Aggregator profit for the 3 networks. 

 
Figure 68. Number of network violations observed under the network-free DSO model. 

Computational impact 

The execution time of the consensus and sequential frameworks is impacted by the size of the network. 
In these experiments, since a constant proportion of customers with DER is used, this is also coupled 
with an increase in the amount of DER. Figure 69 shows how this execution time increases for our 
consensus framework with the MV-LV network-secure DSO model. While there is a significant increase 
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in time for the largest network with 2813 buses (Burnie), the times are still suitable for participation 
in the NEM. 

 
Figure 69. Execution time for the three networks with the MV-LV network-secure DSO model. 

 

6.5 Key findings 
This chapter presented and tested two frameworks for coordinating aggregator energy and FCAS 
market bidding with the requirements of a DSO to manage network constraints. Both frameworks 
were successful at managing the bids within the network limits, while enabling almost the full value 
of the DER to reach the market, even in high DER and heavily congested settings. 

• We confirmed that the market participation of moderate levels of DER (e.g., in our test 
networks as low as 40% of customers with PV, 10% with batteries) would lead to distribution 
network constraint violations if left unmanaged. In particular, favourable wholesale market 
prices tend to elicit synchronised, all-or-nothing bids from aggregators, and subsequent 
synchronised responses to frequency deviations when enabled for FCAS. This synchronised 
action pushes the network to its extremes. 

• Most of the network violations were related to LV voltage limits and distribution transformer 
ratings, indicating the importance of modelling and observing the network out to the edges. 
DNSPs lacking LV data should collect and clean it over the coming years to enable DER to utilise 
the network to its full potential. 

• Stacking market services is key to enabling aggregators, and the customers they represent, to 
extract the most value from their DER assets. For example, in our experiments, aggregators 
would forgo around 30% of their profits if they ignore the regulation FCAS markets.  

• At low to moderate DER levels our frameworks for coordinating aggregators with the DSO can 
enable almost all the potential DER value to reach the market. Even at the most extreme DER 
levels (100% of customers with PV, 40% with batteries) almost all (87% in our test case) of the 
value is still able to reach the market with our coordination. This will enable networks to avoid 
or significantly delay upgrading distribution network assets. 

• The simpler sequential framework was able to achieve near-identical economic performance 
to the more complex, but theoretically superior, consensus framework on our test cases that 
had a relatively homogenous set of customers. 

• Optimising bids for stateful battery storage according to forecast future market prices can get 
within 10% of the outcome for a hypothetical perfect information case. 
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6.6 Future work 

6.6.1 More diverse case studies 

A key unresolved issue is identifying under what realistic conditions the consensus framework can 
provide a significant benefit over the simpler sequential framework. We expect that this is yet to 
materialise in part due to prosumers and aggregators being relatively homogenous in our case study. 
While in this work they varied in their PV and battery ownership and capacities, as well as the solar 
output and demand profiles, there are several other sources of diversity that the more flexible 
consensus approach might better accommodate: 

• Network tariff asymmetric interaction with household load and generation. 
• Different aggregator market forecasts and assumptions. 
• Aggregator-prosumer agreements. 
• Other forms of DER such as electric vehicles and HVAC. 

Similarly, our frameworks should be compared on these more diverse case studies to other forms of 
dynamic operating envelopes that have been proposed in parallel to this project. Early experimental 
results (under review), show that a consensus-like framework can achieve upwards of a 6% (9% with 
reactive power) better outcome for aggregators compared to other dynamic operating envelop 
proposals. This is still with a relatively homogeneous set of customers, so we expect even greater 
benefits as the diversity further increases. 

6.6.2 Pricing constraints 

While the consensus frame generates a set of locational marginal prices for the envelopes at each 
network node, we have treated them purely as a coordination mechanism, ignoring the implications 
of using them as a price for network access. However, there are good reasons why we would want to 
charge / reward aggregators according to these prices, and even extend the sequential approach so 
that it is able to generate such prices. 
Most importantly, by pricing the network constraints we can keep aggregators honest, better aligning 
the incentives of aggregators with the DSO and NEM. Without such prices, an aggregator can 
misreport the value of an operating envelope to them, thereby unfairly gaining a greater capacity 
allocation at the expense of their competitors. 
Alternative dynamic operating envelope approaches face the same misalignment problem, but where 
they misreport their capability or operating state rather than preferences. The sequential framework 
already mitigates some of these concerns, by coordinating capacity allocation according to the 
intended NEM bids of aggregators, but it is reliant on a credible threat of the NEM settling over a wide 
range of price bands. Therefore, it is expected that some form of locational marginal pricing over 
operating envelopes will still be important to ensure the system works as efficiently as possible. 
A second benefit comes through interpreting this pricing of envelopes through the lens of network 
support.  When all desired aggregator envelopes can be accommodated within the network capacity, 
and the network losses are minimal, the locational marginal prices will be zero. On the other hand, 
when the network reaches its limits, the prices provide an incentive for aggregators to provide 
network support, opening up greater capacity for those customers or other aggregators that can 
obtain greater benefits from market access. This kind of active network support can enable the DSO 
to forgo network upgrades for longer or even indefinitely, as most of the value of DER to the NEM can 
be achieved within the network’s limits. 
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6.6.3 NEMDE constraints 

In our experiments, we relaxed some of the NEMDE constraints in the aggregator optimisation 
problem, as described in [36], which limits the provision of regulation and contingency FCAS. Future 
work should investigate the impact of the NEMDE constraints in the performance of aggregators. 

6.6.4 Uncertainty 

A final area for future work is a comprehensive solution to account for and respond to uncertainty. 
Our techniques, largely based on optimising according to a price forecast, were able to get to within 
10% of what could hypothetically be achieved with perfect market price foresight. However, there 
may be opportunity to close this gap with a better statistical treatment of the market prices. 
In this work we have ignored uncertainty over customer demand and generation, treating it as 
deterministic. While this might be an appropriate approximation at the aggregate level, it will be 
inaccurate down at the individual customer operating envelope level, and therefore it could lead to 
unexpected network violations. Ideas should be investigated to factor these uncertainties into 
customer operating envelopes to make them robust, including techniques for real-time DER response 
to maintain envelopes at low cost while also reliably providing the desired aggregate market services. 
Part of the challenge will be achieving this while keeping the computation time fast enough for use 
with 5-minute market dispatch intervals.  
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8. Glossary 
AC Alternating Current 
ADMM Alternating Direction Method of Multipliers 
AEMO Australian Energy Market Operator 
AGC Automatic Generation Control 
BESS Battery Energy Storage System 
CCGT Combined Cycle Gas Turbine 
DB Dead Band 
DC Direct Current 
DER Distributed Energy Resource(s) 
DNSP Distribution Network Service Provider 
DSO Distribution System Operator 
EV Electric Vehicle 
FCAS Frequency Control Ancillary Services 
FOS Frequency Operating Standards 
GFL Grid Following 
GFM Grid Forming 
ISP Integrated System Plan 
LV Low Voltage 
MV Medium Voltage 
NEM National Electricity Market 
NEMDE NEM Dispatch Engine 
NOFB Normal Operating Frequency Band 
OPF Optimal Power Flow 
PFC Primary Frequency Control 
PV Photovoltaic 
PWM Pulse Width Modulated 
RE Renewable Energy 
RoCoF Rate of Change of Frequency 
SG Synchronous Generator 
TNI Transmission Node Identifier 
VSC Voltage Source Converter 
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Appendix 1. Methodology for generating the test 
networks  
In this appendix, we discuss details of how the test networks described in section 6.3.1 were generated. 

Network and SCADA data 
The test networks were built on top of MV feeders and SCADA data provided by TasNetworks for this 
project. For the results presented here, three network models were used: Burnie (feeder #91009), 
Sandy Bay (feeder 12039) and Lindisfarne (feeder 26166). Burnie is a town on the North coast of 
Tasmania, Sandy Bay is a suburb in central Hobart, and Lindisfarne is a suburb on the northeast of 
Hobart. Network sizes of the original TasNetworks models are summarised below: 

Table 14. MV Feeders 

MV Feeder # MV buses # Distribution Transformers 

Burnie 117 81 

Sandy Bay 90 26 

Lindisfarne 50 16 

 

SCADA data at zone substations and other metering points (e.g., reclosers) was provided by 
TasNetworks for each of these networks. This data includes current, total power and total reactive 
power flowing through the metering point. Data problems with significant figures and other issues 
meant that we have chosen to ignore the reactive power and have instead used a fixed power factor 
of 0.9285 for all loads. 

Similarly, in the few instances where data that was available for metering points downstream from 
the zone substation, this data was found to be unreliable, so we retained only data from zone 
substations at the head of each MV feeder. 

LV feeders 
The original network models do not include LV feeders, so we chose to construct low voltage feeders 
on our MV models by splicing on data derived from elsewhere. As a starting point, we extracted all LV 
feeders from a mixed LV/MV model from a major Australian city. We then generated a representative 
sample set of feeders with every possible number of LV loads, from a maximum of 187 down to 1, 
using an iterative process of feeder truncation. 

Household consumption and PV data 
Loads for individual households were developed based on data taken from the CONSORT Bruny Island 
Battery Trial. A process of filtering and patching missing data was used to build anonymous 5-minute 
real and reactive load data, for both household consumption and PV, for 23 households. Figure 70 
below shows these loads for 20 Dec, 2019. 

 

https://arena.gov.au/projects/consumer-energy-systems-providing-cost-effective-grid-support-consort/
https://arena.gov.au/projects/consumer-energy-systems-providing-cost-effective-grid-support-consort/
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Figure 70. Household load data. Consumption and PV generation for 20 Dec, 2019. Individual houses 
are shown in translucent colours and the average is shown in black. Note that all houses in this data 

have PV. For the calculations presented in the report, various PV percentages were used, so the 
average PV generation will be scaled down accordingly. 

Because of the small sample size, we chose to perform some limited smoothing to reduce random 
noise in the aggregate load. The data was convolved with a window of length 20 minutes, meaning 
that fluctuations on a timescale less than 20 minutes are washed out. 20 minutes was selected as a 
compromise between retaining important features of the data and providing enough smoothing such 
that noise in the resulting dataset was not problematic. 

Integrating the data into scenarios 
The network, LV feeder, SCADA and household data were then integrated into scenarios as follows: 

First, the SCADA loads were disaggregated to the level of distribution transformers. This was simply 
done by assigning a proportion of the total load that was calculated using an existing record of the 
number of customers assigned to each distribution transformer. 

Because we were specifically interested in residential customers, as opposed to commercial 
or industrial loads, we then randomly assigned some distribution transformers to feeders 
deemed to be mainly residential, while others were assigned to be mainly commercial. The 
fraction of commercial vs residential feeders is a largely arbitrary decision. For various reasons 
we have chosen 33% for Burnie, 30% for Sandy Bay and 20% for Lindisfarne.  

The non-residential distribution transformers were then modelled as a single aggregate load, 
with time series loading data being given by the calculated fraction of the total SCADA power.  

Residential distribution transformers were further disaggregated into LV feeders using the 
following procedure: First, the number of houses on the feeder and PV penetration fraction 
were estimated by finding a best fit to the SCADA data. A feeder with the same number of 
houses was then randomly selected from the sample set of LV feeders, and was spliced on to 
the MV model. The figure below shows the Sandy Bay network before (L) and after (R) LV 
feeders were added. 
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Figure 71. Sandy Bay network, before (L) and after (R) splicing on LV feeders. Colours in the right-

hand figure represent areas of high (yellow / orange) and low (dark blue) voltage. Note that the LV 
parts of the network on the right have been laid out using a graph layout algorithm, rather than in a 

geographically realistic manner. 

Finally, for each LV load / household in the new MV + LV model, household consumption and 
PV time series were randomly assigned from the dataset of household and PV loads. By 
activating or deactivating the assigned PV time series data, varying amounts of PV penetration 
could then be trivially modelled. 

The sizes of the final three LV + MV networks are described in Table 15 
Table 15. Final test networks. 

Feeder # Buses # Loads 

Burnie 2813 2541 

Sandy Bay 1726 1124 

Lindisfarne 738 522 
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Appendix 2. Inverter Interfaced Loads (IIL) providing 
PFC  
In this appendix, we show the models developed for two DER loads which might be used in future for 
provision of frequency control in power systems and which are considered as part of a brief study on 
their capabilities. We consider resistive hot water systems and heat pumps (either space heating or 
water heating), both of which are required to deliver a quantity of energy over a period of time and 
both of which can therefore be used for frequency control without disruption to the end user. 
Operating at less than peak demand can enable both frequency raise (reduce DER load) and frequency 
lower (increase DER load) services to be provided from such DER.  

Inverter connected resistive load (electric hot water) model 

In the configuration of an inverter connected resistive load, a resistance is placed on the DC link. The 
variable DC link inverter is a controllable load sensitive to the frequency deviations. To present the 
operation of the variable DC link inverter in dq reference frame, the following expressions are utilised: 

𝑉𝑉𝑟𝑟_𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟 = 𝑖𝑖𝑟𝑟𝑅𝑅 + 𝐿𝐿
𝑑𝑑𝑖𝑖𝑟𝑟
𝑑𝑑𝑑𝑑

− 𝑖𝑖𝑒𝑒𝜔𝜔𝐿𝐿 + 𝑉𝑉𝑟𝑟  

𝑉𝑉𝑒𝑒_𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟 = 𝑖𝑖𝑒𝑒𝑅𝑅 + 𝐿𝐿
𝑑𝑑𝑖𝑖𝑒𝑒
𝑑𝑑𝑑𝑑

+ 𝑖𝑖𝑟𝑟𝜔𝜔𝐿𝐿 + 𝑉𝑉𝑒𝑒  

where 𝑉𝑉𝑟𝑟_𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟-𝑉𝑉𝑒𝑒_𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟, 𝑖𝑖𝑟𝑟-𝑖𝑖𝑒𝑒 and 𝑉𝑉𝑟𝑟_𝑔𝑔𝑛𝑛𝑣𝑣-𝑉𝑉𝑒𝑒_𝑔𝑔𝑛𝑛𝑣𝑣 are the dq components of the grid side voltage, the grid 
side current and the inverter voltage, respectively. The filter’s resistance and inductance are 
represented by R and L, respectively. The angular frequency is expressed by 𝜔𝜔. 
For the inverter connected resistive load, the DC link voltage, 𝑉𝑉𝐷𝐷𝐷𝐷, or the active power consumption, 
is controlled by the grid direct current, 𝑖𝑖𝑟𝑟. The grid quadratic current, 𝑖𝑖𝑒𝑒, is set to zero for zero reactive 
power transferring between grid and the inverter. Any change in the value of 𝑖𝑖𝑟𝑟 changes the level of 
active power consumption. Consequently, the inverter connected resistive load could participate in 
the primary frequency control if the d component of the grid current is calculated regarding the 
frequency deviation. The dq control system of the variable DC link inverter with the droop controller 
is shown in Figure A2-1. It should be noted that to switch off the variable DC link inverter-based load, 
a three-phase switch is required in the terminal of the load.  

 

Figure A2-1. The dq control system of the variable DC link inverter 

Heat pump model 

A heat pump (hot water heat pump, reverse-cycle air conditioner) can be modelled as a variable speed 
drive-controlled induction motor (VSD-IM). The VSD-IM has large application in the thermostatically 
controlled loads including refrigerators, freezers, air conditioners, space heaters and washing 
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machines. The control approach employed to drive the induction motor is the Direct Torque Control 
(DTC). In the direct torque control, the electromagnetic torque is controlled by the angle between the 
stator and the rotor fluxes while the magnitude of the stator and the rotor fluxes are kept constant. It 
should be noted that when the stator flux is kept at the rated value, the rotor flux is also constant with 
slight changes around its rated value.  
The DTC has four parts to drive the induction machine. The first part calculates the stator flux, its angle, 
and the electromagnetic torque. In the second part as a sector selector, the angle of stator flux is 
employed to realise the location of stator flux vector. In the third part of DTC, the reference torque is 
calculated regarding the costumer desired operating point for example indoor temperature for the 
space heaters. As mentioned before, the stator flux stays constant at the rated value during the 
operation of induction machine. In the fourth part of DTC approach, the reference values from the 
third part compared with the measured values from the first part to generate the error signals. Then, 
the sector selector and the error signals generated by the torque comparator and the stator flux 
comparator are employed in the fourth part of DTC to initiate the switching of the machine side power 
converter regarding the switching table. 
There are different types of motors and controllers utilised in the VSD-IM depending on the size, 
application and compressor type. To enable the induction machine to participate in the demand 
response and the primary frequency control, a droop controller is utilised to directly or indirectly 
adjust the reference value of torque according to the frequency deviation. The response of induction 
machine in the active power management in the primary frequency control depends therefore on the 
loading characteristics of the induction machine and the approach employed to adjust the reference 
value of torque. As mentioned, the loading characteristics could play an important role in the 
frequency control when there is a high penetration level of the VSD-IM. Therefore, the system 
operator needs to ensure that utilising the inverter-interfaced induction machine will effectively avoid 
any under frequency load shedding, particularly in a system with high penetration of the VSD-IM. 
Depending on the type of compressor employed in the VSD-IM, there are four loading characteristics 
of the induction machine as follows: 

a- the constant torque type load, 𝑇𝑇𝑟𝑟 = 𝑘𝑘𝑟𝑟 = 𝑃𝑃𝑎𝑎−𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟
𝜔𝜔𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟

 

b- the torque proportional to the speed, 𝑇𝑇𝑏𝑏 = 𝑘𝑘𝑏𝑏𝜔𝜔 (𝑘𝑘𝑏𝑏 = 𝑇𝑇𝑏𝑏−𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟
𝜔𝜔𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟

= 𝑃𝑃𝑏𝑏−𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟
𝜔𝜔𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟
2 ) 

c- the torque proportional to the square of the speed, 𝑇𝑇𝑐𝑐 = 𝑘𝑘𝑐𝑐𝜔𝜔2 (𝑘𝑘𝑐𝑐 = 𝑇𝑇𝑐𝑐−𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟
𝜔𝜔𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟
2 = 𝑃𝑃𝑐𝑐−𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟

𝜔𝜔𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟
3 ) 

d- the torque inversely proportional to the speed, 𝑇𝑇𝑟𝑟 = 𝑘𝑘𝑟𝑟
𝜔𝜔

 (𝑘𝑘𝑟𝑟 = 𝑇𝑇𝑟𝑟−𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝜔𝜔𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑟𝑟−𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟) 

where 𝜔𝜔𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟 is the rated mechanical angular speed. 𝑇𝑇𝑔𝑔−𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟 and 𝑃𝑃𝑔𝑔−𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟 are the rated torque and 
the rated active power of the induction machine for different types of load, 𝑖𝑖 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐 and 𝑑𝑑. 𝑘𝑘𝑔𝑔 is a 
constant value calculated considering the loading characteristics at the rated speed when the induction 
machines develops the rated torque. 

In household applications of heat pumps, compressors are typically positive displacement compressors, 
including hermetic reciprocating and scroll compressor. In large commercial applications, centrifugal 
compressors are utilised. As these two mentioned types are classified in types (b) and (c), respectively; 
therefore, types (b) and (c) are simulated to evaluate their effectiveness and their response in the 
frequency support when the contingency event occurs. 

Considering the loading characteristics which depend on the type of compressor, the active power 
contribution response of the VSD-IM when providing the primary frequency response can be different, 
which in turn affects the active power response of the VSD-IM and hence the final value of power 
system frequency. Furthermore, to make the VSD-IM sensitive to the frequency deviations, there are 
two approaches. In both approaches, a droop controller is utilised to directly or indirectly modify the 
reference torque, 𝑇𝑇𝑟𝑟∗. 
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In the direct approach, a loop with a droop controller is utilised to directly change the reference torque, 
𝑇𝑇𝑟𝑟∗, ∆𝑇𝑇 = 𝐷𝐷𝑚𝑚∆𝑓𝑓. In the indirect control method, a common droop controller is employed. In fact, ∆𝑃𝑃 
is equal to 𝐷𝐷𝑚𝑚∆𝑓𝑓 and the reference torque, 𝑇𝑇𝑟𝑟∗, is indirectly controlled in the VSD-IM to provide the 
primary frequency response after the contingency event. In the report, the direct approach is 
employed to calculate the reference torque, 𝑇𝑇𝑟𝑟∗, ∆𝑇𝑇 = 𝐷𝐷𝑚𝑚∆𝑓𝑓. 

Key outcomes from brief study on IILs providing PFC 

This brief study, which has been published in [A2.1], involved creating a small power system (Figure A2-
2) with synchronous generator and load, a load contingency event and then one of either a fast-
responding synchronous generator or each type of IIL providing primary frequency control to stabilise 
frequency. Droop constant in each case was chosen to be the same in each case, to enable direct 
comparison, and no dead band is employed. Figure A2-3 demonstrates that both load types are capable 
of providing frequency response considerably better than the synchronous generator (noting that this 
is a very fast responding generator with small time constant governor). The VSD-IM response is faster, 
more damped and has lower final frequency deviation, in spite of the same droop constant being used. 
This is because droop is used to control torque in the variable speed induction motor and not power 
consumption directly. It follows that the relationship between frequency deviation and power is not 
linear as for conventional droop, and hence the different response, which also depends upon the 
loading characteristics of the induction motor. 

 

 

Figure A2-2. Power system configuration with frequency response provided by one of SG or IIL  
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Figure A2-3. Frequency response of power system after small load contingency event comparing 
conventional SG with controlled resistive load (variable DC link) and heat pump type loads (Variable 

speed drive IM)  

 

 

 

[A2.1]   S. B. Naderi, E. Franklin and M. Negnevitsky, "Autonomous Frequency Response of Different 
Types of Inverter-Interfaced Loads," 2019 9th International Conference on Power and Energy Systems 
(ICPES), 2019, pp. 1-6, doi: 10.1109/ICPES47639.2019.9105603. 
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