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1. Introduction 

Grid-forming inverters (GFMIs) will play an important role in the decarbonising process of power systems, as they 

provide some of the services needed for the operation of inverter-dominated grids and also exhibit advantages when 

operating in weak and remote areas of the grid. Thus, their stability should be investigated so that their operational 

limits are determined and solutions can be proposed to improve their stability. As the power system is vulnerable 

during faults and fault recoveries, studying transient stability of GFMIs and their impacts on the networks during such 

events is necessary. 

In this project, various studies are being conducted to both analyse and enhance the transient stability of GFMIs and 

the connected network during faults and fault recoveries. A summary of requirements on fault ride-through (FRT) 

capability of inverter-based resources (IBRs), gathered from various grid codes, has been prepared. Based on this 

summary, studies on the behaviour of GFMIs during faults and fault recoveries have been (and still are being) 

conducted. These studies allow understanding the stability margin and the mechanism of the instability of GFMIs as 

well as the connected network during large transients. These understandings are the foundations for designing a 

system that is robust against faults. Moreover, solutions to enhance the transient stability of GFMIs are also expected 

as the outcomes of this work. So far, several enhancing controls have been proposed in this project to improve the 

transient stability margin of GFMIs and the connected networks during large transients. 

The studies introduced above contribute to four major tasks listed in the existing research plan for Topic 1, including 

Task 4: Protection and Reliability, Task 3: Interaction Mitigation and Oscillation Damping, Task 2: Voltage Stability, 

and Task 1: Frequency Stability. Particularly, the transient stability analysis in this project aims to reveal how GFMIs 

behave during and subsequent to faults. This study is considered an urgent subtask under the Protection and 

Reliability group. Moreover, the study on the interactions between GFMIs and the connected network, e.g., grid-

following inverters (GFLIs) in a nearby solar farm, during large transients, helps explore the impact of GFMIs on the 

network and vice versa. Auxiliary controls have also been proposed to improve the post-fault damping and accelerate 

the voltage and frequency recoveries after fault clearances. More details can be found below. 

2. Research completed 

2.1 Inverter Design Specifications: A review of grid codes and 
performance standards. 

This study, led by the EPRI team and assisted by the Monash team, lays out a set of technical performance 

specifications aimed at enhancing transmission connected IBR plant's ability to remain connected to the system 

during and subsequent to large signal events (e.g., major system faults, etc.). 

The approach taken in this study was to review current grid code practices around the world and use some of those 

requirements to guide inverter performance and design. In addition to that, EPRI team members' practical experience 

in interconnecting plants in areas of low system strength has also been used to derive some of the performance 

specifications. Those proven field learnings are useful in the sense that they provide factual proof of inverter features 

and enable plant interconnection in the field. 

This study focuses on the requirements of the FRT capability of IBRs. The required connecting time of IBRs at 

different levels of fault severity (or no-trip zones) are summarised from various grid codes. Besides, specifications 

on active/reactive current, negative-sequence current injection, and response performance of IBRs are reviewed in 

this investigation. 

This study has been drafted in a white paper and will be publicly available soon. 

2.2 Transient Stability of GFMIs in the Presence of Current Limiters 

The building blocks of GFMIs, similar to any other inverter technology, are semiconductor switches, which offer 

limited thermal capability, thus low overcurrent capability. Therefore, during large transients, e.g., faults, a current 

limiter (CL) in the control system of GFMIs is necessary to protect the internal semiconductor switches of the GFMIs 
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from extreme overcurrent. The CL changes the voltage-controlled (VC) characteristics of a GFMI as when it operates 

at the current limits, it can no longer modulate currents to emulate a voltage source. This impacts the transient 

response of GFMIs significantly. Hence, investigations of the transient stability of GFMIs considering a current limiter 

are conducted in this project to provide a more accurate picture of how GFMIs behave during faults and fault 

recoveries. Due to the requirement of reactive current injection from [1], a quadrature (q-)prioritised CL is employed 

and studied in this project [2]. 

It is found that the limited overcurrent capability of GFMIs results in a reduction in the transient stability margin of 

these IBRs during faults. Moreover, the interactions between different control loops in a conventional cascaded 

GFMI lead to identification of a novel limit for the operating range of a current-limited GFMI. Thus, in this project, an 

analysis and a criterion have been developed to accurately estimate the stability boundary and limits for a GFMI in 

the presence of a q-prioritised CL. 

This study can quantitatively show the impacts of various system parameters, such as current limits and grid 

strength, on the stability of GFMIs. The study introduced above enables estimating the critical clearing time of a 

current-limited GFMI. Moreover, it can quickly and accurately evaluate how stable a GFMI is when dealing with faults 

or voltage sags, considering the non-linearity caused by the CL. Understanding the stability limits of GFMIs is 

beneficial for designing a robust GFMI. In addition, as the mechanism of instability of a current-limited GFMI is 

revealed by the above study, enhancing methods can be implemented to improve the stability of this type of GFMI. 

This study has been summarised in a manuscript and submitted to an IEEE journal. The manuscript can be accessed 

upon request. 

2.3 Transient Stability of Paralleled GFMI-GFLI Systems 

As GFLIs, e.g., solar or wind farms, exhibit stability issues in weak areas of the grid, grid-forming battery energy 

storage systems (GFM-BESSs) present a possible solution in those areas to improve the stability of the local 

network. Due to the promising application of paralleled GFMI-GFLI systems, they are expected to appear more in 

the near-future power systems [3]. Thus, transient stability analysis of GFMI-GFLI systems is conducted in this 

project to prepare for the upcoming integrations of such systems. 

In this study, the stability boundaries of each IBR and the whole paralleled system are determined and validated. 

Based on this study, the impacts of different system parameters on the stability of the paralleled system are 

quantitatively and quickly evaluated. A metric, referred to as deceleration volume (DV), is proposed to measure the 

reserve deceleration force of the paralleled system. This is a variant of the well-known deceleration area used for 

assessing the stability of a single machine. 

An auxiliary control, referred to as adaptive power reference control (APRC), is also proposed and designed based 

on the outcomes of the analysis conducted in this study. The APRC helps enhance the transient stability of the 

paralleled system in various scenarios. More details about the APRC can be found in Section 2.4. 

This study has been summarised in a manuscript and submitted to an IEEE journal. The manuscript is currently 

available on TechRxiv at [4]. 

2.4 Transient Stability Enhancing Methods 

1. Adaptive Power Reference Control (APRC): An additional angle droop controller, referred to as APRC, is 

proposed to improve the transient stability of the paralleled GFMI-GFLI system discussed in Section 2.3. During 

voltage sags, the APRC adjusts the active power reference of the GFMI based on an adaptive controller. It 

helps the paralleled system recover to a stable operation faster. In general, the APRC improves the damping 

of the active power control loop of the GFMI to mitigate post-fault power swings. Based on the analysis in 

Section 2.3, the APRC can be tuned and designed such that the operating point (OP) of the whole paralleled 

system can remain in a stable operation. 

2. Modified q-Prioritised Current Limiter: This is a modification of the q-prioritised current limiter discussed in 

Section 2.2. This modification helps keep the GFMI stable, even when the novel stability limit caused by the 

interactions between the control loops mentioned in Section 2.2 is exceeded. 

3. Freezing Active Power Control Loop During Faults: In synchronous generators (SGs), the swing equation is 

almost a fixed physical characteristic. The angle growth, caused by a power imbalance on the input of the swing 
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equation during faults, leads to the risk of instability and prolonged recoveries. On the other hand, the 

synchronisation of a virtual-synchronous-generator (VSG-)based GFMI, is governed by a virtual swing equation 

implemented in its control software. Thus, it is more flexible to integrate an auxiliary control to mitigate the 

undesired behaviours caused by the angle growth. To avoid the angle growth caused by a power imbalance 

that SGs experience, in VSG-based GFMIs, the active power imbalance is frozen when a fault is detected. This 

keeps the OP of the GFMI close to the pre-fault location, hence resulting in less severe post-fault transients. 

3. Outstanding activities  

3.1 Auxiliary Control Investigations 

IBRs equipped with the auxiliary controls introduced in Section 2.4 will be examined in fault conditions. The 

performance of the IBRs will be evaluated based on the requirements and standards summarised in the white paper 

mentioned in Section 2.1. The IBRs will be tested against the no-trip zone and the response speed requirements 

specified in that white paper. 

3.2 Transient Stability Analysis for Multi-IBR Systems 

This study aims to develop indices or indicators to allow quickly measuring transient stability margin of a system 

consisting of multiple IBRs. This study can be built on the lessons learned and the analyses conducted for a single 

GFMI (Section 2.2) and a paralleled system (Section 2.3). 

The synchronising loop of an IBR, i.e., active power control loop for GFMI and phase-locked loop (PLL) for GFLI, 

has two equilibrium points, i.e., a stable equilibrium point (SEP) and an unstable equilibrium point (UEP). If the OP 

of an IBR exceeds the UEP, the synchronising loop becomes positive feedback, and the OP slides away from the 

SEP [5]. This results in extremely severe transients in the power and frequency of the IBR. Moreover, the UEP of a 

paralleled GFMI-GFLI system can be identified as in [4]. The further the SEP is away from the UEP, the further the 

initial OP is away from a positive-feedback mode; hence the more stable the OP of the system is. 

For a multi-IBR system, if the post-fault UEP of any IBR is exceeded, the corresponding IBR becomes positive 

feedback and causes additional transients to the connected system. This case is undesirable. Therefore, estimating 

the distance between the SEP and the closest UEP of a multi-IBR system can give insights into how stable the 

system is. A system with a longer distance between the SEP and the UEP is expected to be more stable than that 

with a shorter distance. 

This analysis will provide a tool to quickly quantify the stability margin of a multi-IBR system. Based on that, system 

design guidelines can be obtained. Within this project, a small system, i.e., consisting of five IBRs, will be 

investigated. 

4. Research relevance to Australia 

Renewable energy zones in Australia, e.g., West Murray zone, are usually located in remote areas of the network 

due to the availability of wind and solar energy resources there. In other words, these zones are distant from the stiff 

grid formed by SGs. Hence, their point of connection is relatively weak. Due to the promising applications of GFMIs 

in accelerating the renewable energy integration, their stability and impacts on the connected networks should be 

studied carefully not only in simulations but also analytically. Transient stability investigation of the system during 

and subsequent to faults is one of the most urgent tasks, as the large transients caused by faults can lead to a 

complete collapse of the whole network. Therefore, in this project, efforts have been made to gain more 

understanding on the stability limits of GFMIs and to what extent GFMIs improve/deteriorate stability of the networks 

during faults. Such understanding is beneficial for designing and placing GFM-BESSs to maximise the robustness 

of the power system against faults in the future. For instance, the studies on paralleled GFMI-GFLI systems 

presented in Section 2.3 can be applied to future projects that share the same topology as the Dalrymple ESCRI 

Battery project [3], such as the upcoming Broken Hill Battery. The GFM battery and the Wattle Point wind farm can 
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be represented by the GFMI and the GFLI in this analysis respectively, as shown in Figure 1. Furthermore, the 

extension to a multi-IBR network planned in Section 3.2 can help in determining the optimal place to install a GFM-

BESS in a network to maximise its support for nearby farms by considering the estimated stability margin derived 

from this study. 

Moreover, other by-products of these studies are recommendations for proposing auxiliary controls that help stabilise 

systems with high levels of IBR integration. The suggestions introduced in Section 2.4 can be employed by OEMs 

to improve the robustness of GFMIs against faults. 

 

Figure 1: the Dalrymple ESCRI battery project [3] 

In addition, in the next stages of this project, more studies on the roles of IBRs, both GFMIs and GFLIs, on improving 

frequency stability, voltage stability, and small-signal stability will be conducted. Based on these studies, guidelines 

and recommendations will be made to assist in designing more robust IBRs. The developments of IBR will enable a 

higher level of renewable energy in the Australian grid without compromising the grid’s stability standards. 

5. Recommendations  

Apart from the studies that have been completed or planned to be completed in this project presented above, future 

studies and directions for the next stage (Q3 2023 and onwards) are introduced below. 

1. Extension of the APRC for a multi-IBR system: The design of the APRC proposed in Section 2.4 only considers 

the stability of a paralleled GFMI-GFLI system currently. Although a multi-IBR system is more stable if the 

stability of each element is improved, the application of the APRC or another auxiliary control to a larger system 

consisting of multiple IBRs requires more investigation. In addition, depending on the fault location in the 

system, the auxiliary control is expected to adjust the GFMIs' output optimally to stabilise the system and 

minimise the post-fault transient. Measurements and communication links installations should be investigated 

to minimise the additional cost. 

2. Investigation on impacts of negative-sequence current reserve on transient stability of GFMIs: GFMIs, in 

general, provide very limited overcurrent capability. If a negative-sequence current injection is required by the 

grid code, the limit on the positive-sequence current becomes even lower. Thus, the amount of current reserved 

for negative-sequence injections can affect the system stability to some extent. Hence, the impacts of the 

current reserved for negative-sequence injections should be investigated to prevent any potential problems as 

well as rectify them if possible. 

3. Extension of the transient stability analysis for multi-IBR systems: Within this project, only a small system 

consisting of five IBRs is investigated. Considering a larger system with various configurations will be an 

impactful continuation of this study. Alternatively, developing a tool to convert other grid configurations to the 

topology investigated in this project and then applying the study planned in Section 3.2 to the converted system 

can also be a potential direction to proceed on. 
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4. Tuning/design guidelines for IBRs: Based on the identified stability limits and boundaries derived in this project, 

design/tuning guidelines for IBRs to keep the OP of the system within the stability boundaries are expected to 

be proposed. Several numerical methods, such as backward integration, can be employed for this purpose. 

5. Further enhanced current limiter: The original purpose of CL is only for protecting the semiconductor switches 

inside GFMIs. However, it has been shown that this functionality affects the system stability significantly during 

transients. Thus, more studies on minimising the negative impacts of CLs are expected. Moreover, apart from 

the original purpose of protecting GFMIs, CLs should be designed to maximise the support for the grid from the 

GFMIs. 

6. Small-signal stability analysis of IBR-dominated systems: The recent undesired oscillations in West Murray 

zone have raised concerns about hidden interactions among IBRs in weak parts of the grid. Those oscillations 

are resulted by small-signal disturbances, which trigger the interactions among the fast controllers of the IBRs. 

They deteriorate the power quality or might even result in a failure of an existing asset by resonating with its 

oscillation modes. Thus, developing a tool to analyse the small-signal stability of an IBR-dominated grid is 

urgent and necessary. However, due to the confidentiality of IBR designs, the IBRs are only accessible as 

black-boxes, without any knowledge about the internal control. Hence, developing a tool to obtain a non-

parametric model of the IBRs and the network is important. This will enable the small-signal stability analysis 

of the network. This would be a complementary task for Topic 2, where fast stability evaluation tools are being 

developed. 

7. Grid-forming capability of wind and solar farms: So far, GFMIs are commonly energised by a BESS to provide 

ancillary services. This fact restrains the deployment and the online duration of GFMIs in the grid due to the 

high cost of a bulky BESS. However, if the existing farms, especially wind farms, are retrofitted with a GFMI 

control, the available renewable energy can be used for providing the ancillary services, e.g., inertia, to a larger 

extent and reducing the requirement on the BESS’s size. Moreover, this retrofit can be implemented via a 

firmware update without any additional hardware installations. Thus, this approach is more cost-effective 

compared to building a new GFM-BESS. Nevertheless, unlike GFM-BESSs, the operation of GFM farms 

depend on the availability of resources. Besides, the couplings and interactions between the GFM control and 

the rotor control of wind turbines or the maximum-power-point-tracking (MPPT) control of solar farms can result 

in potential challenges. Further research and development are required to enable the grid-forming capability for 

non-BESS generating units. 
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