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1. Introduction 

This work is conducted as part of topic 5 of Australia’s Global Power System Transformation (G-PST) Research 
Roadmap, with the intent of understanding and expanding system restoration capabilities in National Electricity 
Market (NEM). It focuses on investigating the performance, capabilities and limitations of different types of grid-
forming and grid-following inverters with respect to black start capability and restoration support in power systems 
with a high share of inverter-based resources (IBR) and no synchronous generators online during system restoration. 
The role of synchronous condensers when combined with grid-following inverters is also discussed. The response 
of each option and factors influencing its performance is assessed with the use of detailed vendor-specific 
electromagnetic transient (EMT) simulation models.   

2. Research completed 

This work is divided into two stages whereby the first stage is based on simplified, but realistic network models, to 

assess the capabilities and limitations of various black start options and to develop high-level functional 

specifications for the use of IBR during system restoration based on results obtained from several hundreds of 

PSCADTM/EMTDCTM simulation studies.  This stage is currently complete, and a final report was provided in 

November 2022. 

Studies were performed utilising the PSCADTM/EMTDCTM time-domain based power system simulation software, 

investigating the ability of each candidate black start option in energising network transformers and transmission 

lines; restarting large induction motor-based loads; and restarting grid-following IBRs. Detailed vendor-specific EMT 

simulation models of each black-start technology type were utilised, as well as for analysis of restarting different 

types of grid-following inverters including wind farms, solar farms, and grid-following BESS. Distance and differential 

line protection relays were also included in the overall simulation model to assess the potential maloperation of these 

relays under low fault level conditions during early stages of system restoration when subject to a network fault.  

Studies conducted simulate an indicative step-by-step network energisation process for each candidate black start 

option. The impact of various contingencies that might occur in the early stages of system restoration such as fault 

occurrences, generation reduction due to resource variability, and load disconnection, were then studied for each 

step. These studies demonstrate that all three options can provide viable black start contribution.   

Despite providing a lower fault current contribution to that of a synchronous generator, the grid-forming BESS was 

identified as the most capable black start option. This stems from its faster response to voltage and, in particular, to 

frequency disturbances, and the inherent ability to act as a generator or as a load.  The latter is important as it will 

provide the flexibility to energise additional grid-following inverters which could otherwise be limited due to the load 

scarcity, especially in network locations with a high penetration of distributed photovoltaics operating before a 

blackout.   

From the three options investigated, the combined grid-following BESS and synchronous condenser was shown to 

be the least capable in terms of energising other network assets and grid-following inverters. This primarily stems 

from the fact that neither the grid-following BESS nor the synchronous condenser in isolation can restart the power 

system, and collectively provide the required voltage and frequency control. Additionally, the required system 

strength or the short circuit ratio (SCR) for stable operation of the grid-following inverters need to be provided by the 

synchronous condenser first. Overall, whilst less capable than the other two options, this is still a viable option, which 

can largely utilise existing network and generation assets, due to its technology maturity relative to large grid-forming 

inverters.  

The studies conducted demonstrate the insignificant impact of inherent parameters of the black-start synchronous 

generator such as fault current, inertia, and damping. The grid-forming BESS used emulate the latter two aspects 

of the response with its control systems, however, the variation of these parameters did not noticeably alter the 

response and the overall black start capability in the power island studied.   

The key metric where the grid-forming BESS outperforms the other two options is the Generator Restart Size 

Ratio (the ratio of the MVA capacity of a grid-following inverter plant that can be stably restarted by a given MVA 

capacity of a black starter device). This ratio was also determined to be dependent on the SCR withstand 

capability of the grid-following inverters being restarted, whereby the lower the SCR threshold which can be 
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withstood by the plant whilst connected to the grid resulted in a higher permissible Generator Restart Size Ratio. In 

this regard, differences were observed in the overall black start performance depending on the use of grid-

following BESS, solar or wind farms. These differences primarily stem from site-specific control system tuning 

conducted on each of these plants, rather than superior capability of one IBR technology against another. As such 

these outcomes should not be generalized without due caution. 

3. Outstanding activities  

Considering the development of several committed and actionable Renewable Energy Zones (REZs) in the NEM 

such as Central West Orana and New England REZ, this stage of the project focuses on system restart 

capabilities, needs, constraints and reliance to the wider power system as far as a REZ is concerned. In this stage 

of the project to commence on 9 January 2023 (following the receipt of confidential network models from AEMO), 

a more extensive part of NEM power system is used for the studies. Northern Queensland Renewable Energy 

Zone (NQREZ) is chosen for the following reasons as discussed with CSIRO and AEMO:  

• An already committed REZ  

• An area with high likelihood of separation and blackout without any local system restart ancillary services 

(SRAS) capable sources  

• Remoteness from large and capable SRAS sources  

• Radial Connection to downstream network reducing the extent of deep network modelling required, and 

interactions from nearby network and generation  

• The presence of existing synchronous condensers, and conventional and pumped hydro storage, allowing 

to assess their contribution to system restoration in conjunction with grid-following inverters.  

In addition to repeating stage 1 studies in a more comprehensive power system model, i.e., NQREZ, the following 

additional objectives will be investigated:  

• Whether the REZ can restart itself and synchronise to the downstream network  

• Whether the REZ can restart the downstream network in the event of a more widespread blackout  

• Advantages and disadvantages of having a local SRAS source with the REZ as opposed to investing in 

SRAS sources in the downstream network  

4. Research relevance to Australia 

The importance of this research topic stems from the fact that a black start capability cannot be procured by AEMO 

unless that service is offered by a generator, and a service cannot be offered if the capability has not been considered 

and assessed during the plant design. Understanding the power system restoration needs, with rapidly changing 

power systems and generation mix, would provide justification to the necessary modifications in the design of new 

IBRs yet to be connected. Retrofitting the capability after a few years will be significantly more expensive if possible 

at all. The same applies to network elements, such as protective relays.  

The outcome of these studies will assist Australian power industry to develop more specific technical and regulatory 

requirements and incentives on the expected performance of grid-forming and grid-following inverters during system 

restoration. This is recognising that black start conditions are vastly different and more onerous compared to system 

normal conditions, and as such additional capabilities, beyond the self-start ability, will likely be required which are 

not needed during normal operating conditions. At the same time the objective of this research is to identify the 

extent to which IBR will need to emulate the natural and inherent response of a synchronous machine during system 

restoration, avoiding expensive and unnecessary cost of additional hardware for the IBR. 
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5. Recommendations  

Aurecon’s recommendation of future work is consistent with our original research plan proposed in 2021, 

thereafter the most critical items were included in the 2022-2023 research plan and currently being pursued. The 

list below includes recommended priority items to be addressed as part of the 2023-24 research work.  

• The treatment of inverter-based resources during system restoration 

o Large-scale IBR  

▪ The contribution of other IBR types such as HVDC links and variable speed pumped 

hydro 

▪ The risk of adverse control interactions between multiple IBRs  

▪ Impact on network reactive power support requirements during system restoration.  

o Distributed energy resources (DER) 

▪ DER stability, in particular with respect to fault ride-through capability during system 

restoration.  

▪ Calculating the minimum stabilising load requirements for a region during system 

restoration as function of time and season, and determining whether any mitigation 

measures are required.  

▪ Mitigation measures to address a reduction in the available load for pick up during early 

stages of system restoration including:  

– The use of virtual power plants or aggregators.  

– The role of utility-scale and distributed storage.  

▪ Impact on network reactive power support requirements during system restoration.  

• Impact on network control and protection systems 

o Dynamic reactive power support plant such as Static Var Compensators (SVCs), Static 

Compensators (STATCOMs) and Static Synchronous Series Compensator (SSSCs) during 

system restoration.  

o Sequence-based protection, i.e., relays such as some of the directional relays which use negative-

sequence current for decision making.   

o Motor protection especially those associated with fans and pumps of large thermal power stations 

to be picked up under scenarios with high but not 100% share of IBR.  

• Power system modelling, simulation and testing 

o Actual network level testing of system restoration performance with grid-forming and grid-following 

IBRs, and network primary and secondary equipment. This is crucial to gain sufficient confidence 

in the accuracy of whole-system model under these extreme operating conditions.  

o The extent to which EMT and phasor-domain simulation tools could be used complementarily.  

o The need for other types of simulation such as frequency-domain techniques to characterise other 

aspects of system response.  

o The merits of consistent EMT simulation cases for power system stability and system restoration 

analysis.   

o Accurate modelling of motors and their protection associated with fans and pumps of large non-

black start synchronous generators.  

• Power system technical requirements   

o Grid-forming or synchronous characteristics, their definitions and the quantity/type needed  
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▪ The focus of this item is primarily on how this capability will be seen by the wider power 

system and what are the interplays with other power system equipment and different 

aspects of power system performance.  

o Dynamic performance success criteria during system restoration in terms of rise time, settling 

time, damping and magnitude of the response in an IBR dominated or 100% IBR power system.  

o Network technical requirements  

▪ Dynamic reactive support plant performance.  

▪ DER response.  

• Bottom-up restoration  

o Optimal placement of grid-forming black starter IBR considering the proximity to the following 

system aspects:  

▪ Load centres.  

▪ Areas of concentration of synchronous generators.  

▪ Areas of concentration of non-black start IBR.  

One possible approach is for Aurecon in conjunction with AEMO to define priority areas in the 
NEM such as Victoria and South Australia and perform simulation studies based on existing or 
proposed grid-forming BESS in those priority areas. When a successful contribution is achieved 
from a given grid-forming BESS, this can be further discussed with the developer for provision of 
SRAS, and with ARENA for funding considerations. 

o The use of various storage technologies as stabilising loads.  

o Determining whether a re-sequencing or complete avoidance of some restart pathways might be 

required under high DER conditions.  

o Synchronising two or more power islands 

 

 


