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Executive summary 

This report presents the research carried out under four tasks to address the transient stability 

challenges faced by IBR-dominated networks in the presence of grid-forming (GFM) inverters. The 

report begins with outlining the relevance of the ǊŜǎŜŀǊŎƘ ǘƻ !ǳǎǘǊŀƭƛŀΩǎ ƴŀǘƛƻƴŀƭ ǇƻǿŜǊ ǎȅǎǘŜƳΣ 

summarises the progress against the Research Roadmap tasks 4.2, 4.3 and 5.2, and presents the 

adopted methodology. The completed research expands on the transient stability analysis of IBR-

dominated (multi-IBR) networks, develops a stability assessment tool for multi-IBR networks, 

analyses the impact of negative sequence current injections of individual IBRs units, and investigates 

the transient stability of GFM control in wind turbine generators (WTG).  

Task-1 expands the theoretical transient stability analysis and stability estimation method 

developed in Stage 2 of the project to encompass a larger number of IBRs and IBR-clusters 

connected in both radial and mesh network topologies, while Task 2 translates the theoretical 

assessment method developed into a generalised stability assessment tool that allows for simplified 

yet accurate and fast estimation of stability margins for multi-IBR systems. The accuracy and the 

scalability of the stability margin assessment method have been validated through EMTDC 

simulations for a 3-cluster 7-IBR network as well as a 4-cluster 11-IBR network. The method is also 

shown to be useful in determining the optimal network configuration by assessing the sensitivity of 

stability margins to the changes in network impedances and dispatch levels. 

Task 3 conducts a detailed analysis of how design and control strategies of GFM inverters affect 

their behaviour during grid faults and influence overall transient stability and operational reliability. 

For this purpose, PQ priority and the virtual impedance (VI) current limiting techniques have been 

investigated. The study also investigates the impact of GFM fault responses on the system's 

protection mechanisms, particularly analysing the phase-selection element. This includes assessing 

how the PQ priority and VI methods, and their specific settings, influence the effectiveness of this 

protection element. The implications of negative sequence current allocation are also examined.  It 

was found that the Ὠή implementation of the PQ priority current limiter in grid-following (GFL) IBRs 

may not effectively regulate active and reactive currents based on PQ priorities in GFM IBRs, thus, 

it might not be suitable for GFM technology. In addition, while the PQ priority method can limit the 

ƛƴǾŜǊǘŜǊΩǎ ŎǳǊǊŜƴǘ ŦŀǎǘŜǊ than the VI method, the latter was found to support the voltage more 

effectively during faults if the ὢȾὙ ratio is chosen appropriately.  

Task 4 investigates the transient stability characteristics of the grid-forming control implemented in 

current-limited wind turbine generators. Detailed investigations have been completed on both 

Type-3 and Type-4 WTG, and their transient behaviour in response to voltage and frequency 

disturbances is analysed under different dispatch levels, grid strengths and current limitation 

ƳŜǘƘƻŘǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ²¢DǎΩ ǘǊŀƴǎƛŜƴǘ ōŜƘŀǾƛƻǳǊ ƛǎ ŜǾŀƭǳŀǘŜŘ ŀƎŀƛƴǎǘ ǘƘŀǘ ƻŦ DCa-BESS, major 

shortcomings have been outlined, and suitable methods of mitigation have been proposed and 

implemented. It was shown that GFM-WTG systems offer grid-strengthening capabilities equivalent 

to GFM-BESS, however, conventional GFM control methods, such as synchronous-machine 

emulation, are not ideal control strategies in the context of transient behaviour due to the unique 

WTG characteristics. 

https://www.csiro.au/en/research/technology-space/energy/G-PST-Research-Roadmap
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In conclusion, IBR-rich local networks have increased vulnerability during grid disturbances, and 

GFM-IBRs have critical role in maintaining the stability of such networks. This research contributes 

to understanding these stability challenges, determining the impact of GFM-IBRs and respective 

stability boundaries, and proposes solutions for improvement. The outcomes of this research effort 

can be summarised as an accurate method and a practical tool for the assessment of stability 

margins of IBR-dominated networks, and an understanding into how GFM design choices and 

control strategies affect the transient behaviour and operational reliability of GFM-IBRs.  

Future research is recommended as to incorporate dynamic properties of grid disturbances, such as 

various fault profiles and network conditions, into the transient stability analysis of multi-IBR 

networks in order to achieve a more precise representation of stability margins.  
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1 Introduction  

This section outlines the context and objectives of enhancing transient stability in IBR-dominated 

grids. It emphasises the need for grid-forming inverters to address stability challenges in weak parts 

of the grid where renewable energy sources like wind and solar are abundant but distant from 

traditional power generators. 

1.1 Background and Research Objectives 

Renewable energy plants, such as wind and solar farms, are typically located in regions where wind 

and solar resources are abundant, yet usually distant to synchronous generators (SGs) and loads 

centres. Utility-scale wind and solar generation, also referred to as inverter-based resources (IBR), 

may face stability challenges in weak parts of the grid. To address this and enhance the stability of 

IBR dominated weak networks, grid-forming inverters are increasingly being deployed.  

Local networks with high concentrations of IBRs are typically in radial or partially-mesh 

configurations. Given the vulnerability of power systems during and following faults, it is essential 

to investigate the transient stability (TS) of these networks to determine the impacts of grid-forming 

IBRs and stability boundaries, and propose solutions for improvement.  

In this respect, Stage 3 of the project aims to analyse, evaluate, and improve the transient stability 

of networks dominated by IBRs during and following fault events.  The project is divided into four 

research tasks: 

¶ Task 1 expands the transient stability analysis developed in Stage 2 to encompass larger IBR-

clusters with different types of generation and in different network topologies.  

¶ Task 2 develops a transient stability assessment tool that allows for simplified yet accurate 

estimation of transient stability margins of multi-IBR systems. This tool is based on the analysis 

completed in Task 1 of Stage 3 as well as Stage 2 of the project. 

¶ Task 3 analyses the impact of negative sequence (NS) current injections from IBRs on their 

transient stability, while complying with the IEEE P2800 NS current requirement. The assessment 

explores the influence of various GFMI control features on transient stability, and it evaluates the 

impact of NS current allocation on protection system operation.  

¶ Task 4 investigates transient stability of current-limited grid-forming control implementation in 

wind turbine generators (WTG) as well as their stability-enhancing capabilities. 
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 Table 1 shows the Research Roadmap tasks being addressed by Stage-3 research activities. 

Roadmap 
Major Tasks 

Roadmap Tasks Stage 3 Tasks 

Progress 
by the end 
of Stage 
21 

Progress 
by the end 
of Stage 
31 

4. Protection 
and Reliability 

4.3: Assessment and 
enhancement of IBRs 
reliability 

¶ Task-1: Transient stability analysis of multi-IBR systems 
considering a wide-area network 

¶ Task-2: Development of an analysis tool to conduct 
transient stability studies for multi-IBR systems   

4.2: Enhancing IBR 
response during and 
subsequent to faults  

¶ Task-3: Investigation into the impact of various controls 
(e.g., GFM controls, current limiting, frequency freezing 
and K2-factor) of GFMIs on the TS of inverters conforming 
to IEEE P2800 NS current requirement. 

¶ Task-3: Study of the impact of NS current allocation on the 
protection system, conducted either through a literature 
review, or, if relay models are available, one or two case 
studies. 

¶ Task-4: Enhancing transient stability of current-limited 
grid-forming control by implementation in non-BESS IBRs 

  

5. Trending 
Topics 

5.1: Developing 
alternative control 
methodologies for 
GFMIs 

- 

  

5.2: Grid-forming 
capability for HVDC 
stations and wind and 
solar farms 

¶ Task-4: Enhancing transient stability of current-limited 
grid-forming control by implementation in non-BESS IBRs2 

  

1 Progress to date against roadmap tasks. 

2 Stage-3 Task-п ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ōƻǘƘ wƻŀŘƳŀǇ ǘŀǎƪǎ пΦн ŀƴŘ рΦн ŀǎ ƛǘ ŀŘŘǊŜǎǎŜǎ L.wǎΩ ǎǘŀōƛƭƛǘȅ-enhancing response as well as grid-forming capability for wind turbines. 

Table 1: Progress against Research Roadmap. 

  

80% 

80% 

25% 0% 

0% 50% 

40% 

40% 
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1.2 Research Relevance to Australia 

 

The stable operation and reliability of the power system is becoming increasingly challenging and 

critical as the IBR penetration in the NEM gradually increases.  

Within the next 25 years, a significant development of renewable energy zones (REZ) is anticipated 

across the NEM, which may introduce additional operational challenges [1]. The REZ developments 

are likely to be in radial network configurations and located far from the remaining synchronous 

generators. Therefore, transient stability issues may inevitably emerge in such regions.  

In addition, wind energy is expected to hold a significant potential both in REZ regions and the wider 

NEM. However, REZ regions with high concentrations of wind energy potential largely coincide with 

weak parts of the network [1], which is likely to necessitate the requisition of grid-strengthening 

services from wind turbine generators.  

In this respect, Stage 3 of this research project aims to: 

ï establish a simple framework to allow an accurate analysis and estimation of transient 

stability margins of large IBR-clusters that will constitute REZ regions, and 

ï investigate the impacts of grid-forming wind generation systems on the transient stability 

of REZ regions, and examine their grid-strengthening capabilities. 

The outcomes of this research effort are expected to alleviate the technical challenges of the energy 

transition in the NEM, by:  

ï supporting network service providers and the network operator in the assessment of the 

transient stability of renewable energy zones, and 

ï contributing to the understanding of grid-ŦƻǊƳƛƴƎ ǿƛƴŘ ƎŜƴŜǊŀǘƛƻƴ ǎȅǎǘŜƳǎΩ ǘǊŀƴǎƛŜƴǘ 

behaviour and stability-enhancing capabilities in the context of renewable energy zones. 

It is anticipated that the technical challenges this research aims to mitigate arise within the next 3 

to 5 years, and the estimated benefits of the research be realised within the same timeframe. 
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Figure 1: Renewable energy zones in the NEM [1]. 
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2 Completed Research 

Task-1 and Task-2 of Stage-3 are largely based on the analysis completed in Stage-2 for multi-IBR 

radial networks, which has been published in [2] and [3]. In Stage-2, the transient stability of a simple 

network that consists of a grid-forming and a grid-following inverter connected in parallel was 

investigated. Furthermore, a generalized theory for radially connected IBRs was developed and a 

transient stability indicator, Ὀ , was introduced for a multi-IBR radial network to evaluate the 

ƴŜǘǿƻǊƪΩǎ ǘǊŀƴǎƛŜƴǘ ǎǘŀōƛƭƛǘȅ ƳŀǊƎƛƴ. However, the solution developed in Stage-2 utilises a custom 

implementation for analysing a 2-cluster 4-IBR network. This necessitated a generalised solution 

implementation in the form of a tool that is both computationally efficient and fully configurable 

for any number of IBRs and clusters, which would enable the expansion and application of the 

transient stability analysis to significantly larger networks.  

Here, a cluster is defined as multiple IBRs (such as BESS, solar farm or wind farm) that are in close 

proximity and radially connected to a local common bus, while a network is defined as multiple 

clusters connected to a global common bus (representative of an infinite grid), either radially or in 

mesh configuration. A REZ could be considered as a cluster or a network depending on its size and 

the proximity of IBRs. A generic representation of a multi-IBR network is shown in Figure 2. 

To this end, Task-1 expands the theoretical transient stability analysis and stability estimation to 

larger number of IBRs and IBR-clusters for both radial and mesh network topologies, while Task-2 

translates this theoretical work into a generalised tool. Therefore, the methodology and results for 

both Task-1 and 2 are presented together.  

The following table provides a summary of the completed research activities, and a distinction 

between the work completed in Stage 2 and Stage 3. As an outcome of Stage 3, a generalized 

solution is developed for multi-IBR multi-cluster networks connected in radial or mesh 

configuration. The scalability of this solution to larger systems is subject to accurate representation 

of the infinite grid as well as how well the network model can be approximated to the standard 

structure shown in Figure 2. 

 

TS analysis Task-1 Task-2 

Radial network Generalised theory (developed in stage 2) Generalised solution (developed in stage 3) 

Mesh network Generalised theory (developed in stage 3) Generalised solution (developed in stage 3) 

Table 2: Distinction between TS research activities. 

 

Task 3 of Stage 3 conducts a detailed analysis of how design and control strategies of Grid-Forming 

Inverters (GFMs) affect their behaviour during electrical faults and influence overall transient 

stability and operational reliability. This task assesses two main current limiting techniques for 

Virtual Synchronous Machine (VSM) GFMs: the PQ priority method and the virtual impedance 

method. Additionally, the task examines the implications of allocating part of the current for 

negative sequence current injectionτa requirement under various grid codes and standards such 
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as the German grid code [4] and IEEE 2800 [5]. The modifications to the GFM model include the 

integration of these current limiting methods alongside controls for negative sequence current 

injection.  

Analyses within Task 3 are divided into three phases:  

¶ initial assessments on a small-scale test system evaluating the performance of both current 

limiting methods;  

¶ a deeper focus on the virtual impedance method through a sensitivity analysis of key factors like 

Ὅ /Ὅ , Ὅ , and ὢȾὙ ratio that impact the stability of the inverter control system;  

¶ and using the IEEE 9-bus test system to provide a more realistic simulation environment. 

The third part of the study investigates the impact of GFM fault responses on the system's 

protection mechanisms, particularly analysing the phase-selection element. This includes assessing 

how the PQ priority and virtual impedance methods, and their specific settings, influence the 

effectiveness of this protection element.  

Overall, these investigations shed light on the critical role of GFM inverter design choices, such as 

different current limiting techniques and their parameter sensitivities, in maintaining transient 

stability and enhancing the functionality of protective devices in power systems. 

Task 4 of Stage 3 is set to investigate, understand, and improve the transient stability characteristics 

of the grid-forming control when implemented in wind turbine generators.  Based on the findings 

in the transient performance, stability-enhancing capabilities are developed and implemented.  
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2.1 Methodology 

The methodology section details the approaches used in expanding transient stability analyses, such 

as the development of a generalised tool and extensive simulation testing. It includes detailed 

mathematical modelling and system parameter adjustments, proving crucial for understanding 

network behaviour under various operational scenarios. 

2.1.1 Task 1 and Task 2 

2.1.1.1 Transient Stability Analysis in Large Networks 

Meshed networks in power systems, characterized by multiple interconnected paths for electricity 

flow, offer crucial advantages particularly when integrating renewable energy sources. Firstly, they 

enhance reliability by providing redundancy, ensuring continued power supply even if one path or 

component fails [6]. This is vital for stabilizing grids amid the variable output of renewables. 

Secondly, meshed networks enable better balancing of supply and demand by integrating diverse 

renewable sources across wider geographical areas. This ensures optimized resource utilization and 

minimizes the impact of fluctuations in generation due to weather conditions, ultimately bolstering 

grid stability. 

Australia possesses abundant renewable resources, including extensive solar exposure and wind 

potential across various regions [7]. A meshed network enables the efficient integration of these 

dispersed renewable sources, reducing the impact of variability and intermittency. A meshed 

network not only enhances the reliability and stability of power system but also facilitates the 

seamless exchange of renewable energy between different states, contributing to a more 

sustainable and interconnected energy landscape with high grid security. 

Building upon the considerations previously discussed, the research delineates the interconnected 

configuration depicted in Figure 2. This structure consists of several clusters, each representing a 

unique renewable energy domain. Specifically, cluster h integrates n units of GFMI and m units of 

GFLI, all connecting at a global common bus. This bus, maintaining a steady voltage of ὠ᷁ π, is 

connected to an infinite bus with a voltage of ὠ —᷁ through grid impedance ὤ via a transmission 

line with impedance ὤȟ. Within cluster h, the GFMI ὬȢὲ is linked to the local common bus Ὤ through 

the impedance ὤ ȟȢ, and similarly, the GFLI ὬȢά is connected to the same bus via ὤ ȟȢ . 

Additionally, cluster Ὤ is interconnected with cluster Ὧ via a transmission line characterized by 

impedance ὤȟ. 

In this study, the subscript ὬȢὲ signifies a quantity linked to the GFMI identified as ὬȢὲ within cluster 

Ὤ. Similarly, the subscript ὬȢά is employed to denote a quantity associated with the GFLI known as 

ὬȢά. This notation is consistently applied throughout the document to clearly differentiate between 

the quantities pertinent to the respective GFMI and GFLI within cluster Ὤ. 
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Figure 2: Generalised representation of a multi-cluster multi-IBR network. 

 

The conceptual implementation stages of the TS tool are shown in Figure 3, where PSCAD-based 

EMTDC simulations are used for validation purposes. The solution script is implemented in 

MathWorks MATLAB. 

 

 

 
 

Figure 3: Conceptual implementation of the TS tool. 
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2.1.1.2 Generalised Solution 

Considering a larger mesh network and employing Kirchhoff's Current Law (KCL) to cluster Ὤ, which 

is connected to the grid as shown in Figure 2. The cosine and sine components of the local common 

bus voltage can be represented as follows 

 

ὠὧέί ‏ȟ  ȿὠȿȿὣȿὧέίὧέί —  ὭȟȢ ὤ ȟὧέί —ȟ •ȟ — ȟ  

ὠ ȟȢ ὣȾ ὧέί ‏ȟ —Ⱦ  

ȿὠ ȿὣȾ ὧέί ‏ȟ —Ⱦ                                            
ρ 

 

 

ὠίὭὲ ‏ȟ  ȿὠȿȿὣȿίὭὲίὭὲ —  ὭȟȢ ὤ ȟίὭὲ —ȟ •ȟ — ȟ  

ὠ ȟȢ ὣȾ ίὭὲ ‏ȟ —Ⱦ  ȿὠ ȿὣȾ ίὭὲ ‏ȟ —Ⱦ  
ς 

where 

 

ὤ ȟ —᷁ ȟ

ρ

ὤ

ρ

ὤ ȟȢ

ρ

ὤȟ
ȟ 

ὣ —᷁ ὤ ȟ —᷁ ȟ

ρ

╩ȟ
ȟ 

ὣȾ —᷁Ⱦ ὤ ȟ —᷁ ȟ

ρ

ὤ ȟȢ
ȟ 

ὣȾ —᷁Ⱦ ὤ ȟ —᷁ ȟ

ρ

ὤȟ
Ȣ 

σ 

 

ὓ , ὔ , and ὑ  denote the number of GFLI, GFMI, and interconnected clusters associated with 

cluster Ὤ, respectively. At a SEP, both ὠ and all local common bus voltages are closer to 1 pu. 

Conversely, at an UEP, these values fall to lower values [2]. As presented in [2] and [3], at an EP, 

ὖ ȟȢ  ὖ ȟȢ of GFMI and ὠ  ὠȟ ȟȢ. Wherein, ὠȟ ȟȢ represents a critical value of ὠ 

beneath which ὖ  falls below ὖ  . For a GFLI at an EP, ὠ ȟȢ  π leads to ὠ  ὠȟ ȟȢ . 

ὠȟ ȟȢ  represents a critical value of ὠ which can represent as 
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ὺ
ὺ ȟȢὋȢ

ς
σὖȟȢ

ὺ ȟȢ ὄȢίὭὲ‏ȟ ȟ‏ ὋȢὧέί ‏ȟ ȟ‏
            

τ 

 

ὺ
ὍȟȢὢȢ ὍȟȢὙȢ

ίὭὲ —ȟ ȟ‏
  Ȣ       

υ 

 

Therefore, the EP for a given ὠ value can be determined by simultaneously solving equations (1), 

(2), (3), and (4) for all clusters and it yields the pairs ὠȟ ȟ‏ ȟ  and ὠȟ ȟ‏ ȟ  for each 

cluster. However, the sets ὠȟ ȟ‏ ȟ ȟὠȟ ȟ‏ ȟ ȟȢȢȢȟὠȟ ȟ‏ ȟ  and 

ὠȟ ȟ‏ ȟ ȟὠȟ ȟ‏ ȟ ȟȢȢȢȟὠȟ ȟ‏ ȟ  represent only potential candidates for the actual 

SEP and UEP of the global system. Once the equations are solved for given ὠ value, roots are then 

substituted into (6) and (7), 

 

ὧέί —  ὅὠ ȟȟὠ‏᷁ ȟȟȣȟὠ‏᷁ ȟ‏᷁

ρ

ὠ

ὤ

ὤȟ
ὺ ὺὧέίὧέί ‏ȟ  ὺ                        

(6) 

ίὭὲ —  Ὓὠ ȟȟὠ‏᷁ ȟȟȣȟὠ‏᷁ ȟ‏᷁  
ρ

ὠ

ὤ

ὤȟ
ὺίὭὲ‏ȟ   Ȣ χ 

Then, the convergence condition is checked using (8), 

 

Ὢὠ ȿὅὠȟ‏ Ὓὠȟ‏ ρȿ π. ψ 

 

Should the calculated voltage-angle pairs for each cluster at the SEP and UEP satisfy equation (7), 

the global stability of the equilibrium points can be guaranteed.  

If the convergence condition is found to hold for given set of roots, the corresponding equilibrium 

Ǉƻƛƴǘǎ ŀǊŜ ǘŀƪŜƴ ŀǎ ǘƘŜ Ǝƭƻōŀƭ ǎȅǎǘŜƳΩǎ {9t ŀƴŘκƻǊ ¦9tΦ ¢ƘŜƴΣ ǘƘŜ ƴƻǊƳŀƭƛǎŜŘ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ 

SEP and UEP angles of each cluster can be calculated using (9), 

Ὀ ȟ

ȟȟ‏ ȟȟ‏
ȟȟ‏

 Ȣ      
ω 
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To account for the worst-case scenario, the lowest Ὀ , among the clusters is selected as the TS 

margin indicator for the whole system that indicates global stability equilibrium which can define 

as, 

Ὀ άὭὲὈ ȟȟὈ ȟȟȣȟὈ ȟ  Ȣ ρπ 

 

To analyse the impact of system parameters to the TS relative Ὀ  value can be calculated as  

Ὀ ȟ  
ȟ   ȟ   

ȟ   
 . 

ρρ 

 

The Ὀ ȟ quantifies the relative change of the Ὀ  concerning a predefined base scenario, 

which represents the default setup of the network. This metric holds significant importance in 

evaluating system stability as it elucidates alterations in system parameters by comparing the Ὀ  

under a specific scenario with that of the base case. The base scenario acts as a reference point, 

depicting the system's stability under its typical operational conditions. Modifications in critical 

parameters, such as power references and the positions of common buses, can exert notable 

impacts on the system's stability. These variations are encapsulated by the Ὀ  relative metric, 

facilitating an assessment of how such changes either bolster or diminish the system's TS. 

Solving equations presented above directly necessitates significant computational resources, while 

the accuracy of the solutions obtained is often unsatisfactory. This necessitated a generalised 

solution implementation in the form of a tool that is both computationally efficient and fully 

configurable for any number of IBRs and clusters, which would enable the expansion and application 

of the transient stability analysis to significantly larger networks. Due to this Task 2 mainly focus on 

developing a tool that can robustly calculate the Ὀ  value for any network configuration. 

The Newton-Raphson (NR) method has been identified as a suitable approach for this purpose, 

primarily due to its proven effectiveness in addressing nonlinear equations. The NR method 

demonstrates remarkable efficiency in rapidly converging to a solution, even when applied to 

intricate and extensive network models. This characteristic makes it well-suited for the intended 

application, striking a balance between computational complexity and the precision of results. 

To be able to utilise the NR method for a generalised network solution, equations (1) and (2) have 

been slightly rearranged as shown below: 

 

ὢȟ ὃȟ ȿὠȿὣȾ ÃÏÓ—Ⱦ ὢȟ ȿὠȿὣȾ ÓÉÎ—Ⱦ ὢȟ  
ρς 
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ὢȟ ὃȟ ȿὠȿὣȾ ÓÉÎ—Ⱦ ὢȟ ȿὠȿὣȾ ÃÏÓ—Ⱦ ὢȟ  
ρσ 

where 

 

ὢȟ ὠÃÏÓ‏ȟ ȟ 

ὢȟ ὠÓÉÎ‏ȟ ȟ 

ὃȟ ȿὠȿȿὣȿÃÏÓ—Ⱦ ὭȟȢ ὤ ȟÃÏÓ—ȟ •ȟ — ȟ

ὠ ȟȢ ὣȾ ÃÏÓ‏ȟ —Ⱦ ȟ 

ὃȟ ȿὠȿȿὣȿÓÉÎ— ὭȟȢ ὤ ȟÓÉÎ—ȟ •ȟ — ȟ

ὠ ȟȢ ὣȾ ÓÉÎ‏ȟ —Ⱦ Ȣ 
ρτ 

 

To analytically solve the equations in this study, initially, construct the ὄ matrix to take the ὃ ὄὢ 

as indicated in Appendix, with transformed to ὢ  ὄ  ὃ. Next, derive expressions for 

ὠÃÏÓ‏ȟ ȟand ὠÓÉÎ‏ȟ  and substitute these into Equations (4) and (5). Proceed to solve these 

equations to identify ‏ȟand —ȟ for each cluster, ensuring accurate parameter determination. 

Finally, perform a back substitution of these values into the matrix ὣ to calculate ὠ and ‏ȟ for 

each local common bus. This approach provides a clear and systematic method for analysis within 

the framework of the study, facilitating a comprehensive understanding and replication of the 

results. 
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Values for ‏ȟȟ—ȟȟὠȟ and ‏ȟ can be efficiently determined by following sequential steps 

presented in  Figure 4 using the TS tool.  

 
 

 

Figure 4: Generalised solution methodology for the TS tool. 

  



Transient Stability Enhancement of IBR-dominated Grids in the Presence of Grid-forming Inverters  |  23 

2.1.2 Task 3 

This task aims to analyse the fault response of GFM IBRs with different current limiting methods. 

The operation principle and performance of two common current limiting methods are evaluated 

from different aspects. Moreover, the impact of these methods on transient stability of the inverter 

control system during faults as well as the protection system is investigated. The following discusses 

the current limiting methods considered in this study, and the methodology to assess their 

performance.  

2.1.2.1 Performance evaluation of GFM current limiting methods 

During fault conditions, the voltage source behaviour of GFMs can make their output current to 

increase beyond the maximum current allowed by the inverter semiconductor switches, thereby 

damaging the hardware. To successfully ride through these disturbances, appropriate current-

limiting control techniques are required for GFMs. In this study, two common current limiting 

methods for GFMs in the literature are considered, including PQ priority and virtual impedance.  

 

Method 1: PQ Priority Current Limiter 

Figure 5 shows the control diagram of a GFM with PQ priority current limiter. The same 

implementation of this method in GFL IBRs is applied to the GFM model in this study [8]. In this 

method, the current limiter receives the positive- and negative-sequence Ὠή current references 

Ὅͺ , Ὅͺ , Ὅ ͺ , and Ὅͺ  and generates Ὅͅ , Ὅͅ , Ὅͅ , and Ὅͅ  references for the 

inner current control loop while prioritizing P or Q using the equations detailed in [9]. The input 

current references to the current limiter are generated by the outer control loops in the GFM control 

system, which are the voltage control loop and K-factor control, as illustrated in Figure 5. 

 

 

Figure 5: Control diagram of a GFM with PQ priority current limiter. 
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Method 2: Virtual Impedance 

The second current limiting method analyzed in this study is the virtual impedance. The idea in this 

method is to add a large virtual impedance between the inverter and the grid in the event of an 

overcurrent and so limit the current [10]. A general overview of the GFM control system with this 

current limiter is shown in Figure 6. The virtual impedance method acts upon the reference voltage 

Ὁ  generated by the outer control loop by subtracting an emulated voltage drop across a virtual 

impedance. As a result, the effective reference voltage for the inner current control loop is reduced, 

ŀƴŘ ǎƻ ǘƘŜ ƛƴǾŜǊǘŜǊΩǎ ŎǳǊǊŜƴǘ ƛǎ ŎǳǊǘŀƛƭŜŘ ŀǎ ǘƘŜ ŎƻƴǘǊƻƭ ǎystem assumes that it has to develop only 

a lower voltage. Since the virtual impedance method is implemented in the positive-sequence 

circuit, a saturation-based current limiter is also implemented in the negative-sequence circuit to 

prevent overcurrent.  

 
 

 

Figure 6: Control diagram of a GFM with virtual impedance current limiter.  

 

Test system 

Figure 7 and Figure 8 show the test system and the GFM IBR plant configurations used for evaluating 

the performance of the above-mentioned current limiting methods. The analysis is done using 

generic GFM models developed in PSCAD/EMTDC, designed based on state-of-the-art literature on 

GFM IBRs. The details of the GFM model as well as the test system can be found in [11].  
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Figure 7: Test system configuration. 

 

Figure 8: GFM IBR plant configuration. 

 

Test plan 

The test plan for assessing the performance of PQ priority and virtual impedance current limiting 

methods includes applying different faults on the test system of Figure 7 and recording the GFM 

L.wΩǎ ǊŜǎǇƻƴǎŜ ŀǘ ǘƘŜ ƛƴǾŜǊǘŜǊ ǘŜǊƳƛƴŀƭΣ ƛΦŜΦΣ th/ ƛƴ Figure 8. The objective of the tests would be to: 

1. evaluate the fault current response of the GFM IBR when PQ priority current limiting method is 

used. This current limiter has been originally designed for GFL IBRs, so the focus would be to 

understand if this method can operate properly and prioritize P and Q in GFM IBRs.  

2. assess the fault current characteristic of GFM IBRs when the virtual impedance method is used. 

One of the objectives in this part of the analysis would be to understand how the ὢȾὙ ratio of the 

virtual impedance as well as the share between the positive- and negative-sequence currents 

(Ὅ /Ὅ ) affect the fault current characteristic.   

3. perform a comparison between the PQ priority and virtual impedance methods in terms of 

current limiting speed, active and reactive current generation, grid voltage support, etc.  

 

2.1.2.2 Transient stability assessment of GFM IBRs during faults 

This section explores the transient stability of GFM IBRs during faults by conducting a sensitivity 

analysis on key parameters affecting the stability of the inverter control system. Three critical 

parameters identified for this study are Ὅ /Ὅ , Ὅ , and ὢȾὙ ratio. The approach used in this 

study is slightly different from the method normally used in conventional transient stability studies, 

i.e., identifying the critical clearing time and varying the fault duration. Since the focus of this work 

is on sensitivity analysis of certain parameters and their impact on stability of the GFM control 

system, a fixed and sufficiently-long fault duration is considered while changing Ὅ /Ὅ , Ὅ , 

and ὢȾὙ ratio. Then, the time at which the control system becomes unstable for different values of 

GFM 

IBR Plant
Line

POM

L
o

a
d

Line

Aggregated 

inverter model

POM
POC



26  |  CSIRO !ǳǎǘǊŀƭƛŀΩǎ bŀǘƛƻƴŀƭ {ŎƛŜƴŎŜ !ƎŜƴŎȅ 

these parameters is compared to find a general pattern. The analysis will primarily focus on the 

virtual impedance method, as the PQ priority current limiter showed no transient instability in our 

test set. Instances of instability were occasionally observed due to voltage recovery scenarios; 

however, these case studies did not yield definitive conclusions. The generally robust performance 

may be attributed to the override of the outer and voltage control loops in this method, causing the 

inverter to function as a current source without a PLL. Further detailed investigation will be pursued 

in future research to deepen understanding in this area. 

Test system  

In this section, the IEEE 9-bus test system is utilized to simulate a more realistic scenario. The 

synchronous generators at buses B2 and B10 in the original system are replaced with two GFM IBRs 

rated at 100 MW.  

 

 

Figure 9: IEEE 9-bus test system. 

 

Test plan  

Different faults will be applied on the test system of Figure 9 close to the GFM at bus B2. The stability 

of the control system of this GFM when the virtual impedance method is used will be evaluated 

during the faults. Test cases will be repeated for different values of Ὅ /Ὅ , Ὅ , and ὢȾὙ ratio 

to understand their impact on transient stability of the GFM control system.  

2.1.2.3 Impact of GFM fault response on protection system 

This section investigates the impact of GFM fault response on the protection system. The protection 

element considered in this study is the phase-selection element. Phase-selection element of a relay 

is responsible for identifying the type of the fault and is used to supervise different protection 

functions, such as distance and single-pole tripping. The phase selection element of existing 

commercial relays uses two methods to detect the faulty phase, as shown in Figure 10 [12]. In this 

figure, ‏ Ὅ᷂ ᷂Ὅ Ὅ  and ‏ Ὅ᷂ Ὅ᷂, where Ὢ and ὴὶὩ subscripts designate 

during-fault and pre-fault quantities, respectively. Using the values of ‏  and ‏ and the angle zones 
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in Figure 10, the fault type is identified. The outcome of these two methods is ANDed or ORed 

depending on the type of the fault and the manufacturer design. For phase-to-phase faults, where 

no zero-sequence current is present, the relay relies only on ‏  method.  

 

 

                          (a)                                                              (b) 

Figure 10: Phase-selection element methods. (a) ♯░ method. (b) ♯░ method. 

 

Test system  

The test system described in the previous section with a minor modification is used for these 

assessments as well. To investigate the impact of only the GFM source on the performance of the 

phase-selection element, line L56 is taken out of service, and the analysis focuses on the relay at 

bus B6 shown in red in the figure below.  

 

 

Figure 11: Test system used for investigating the performance of the phase-selection element. 
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Test plan  

Different faults will be applied in the test system of Figure 9, and the performance of the phase-

selection element of the relay at Bus B6 will be evaluated. The analysis will consider the impact of 

the PQ priority and virtual impedance current limiters and their corresponding parameters on the 

performance of the phase-selection element.  
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2.1.3 Task 4 

Task 4 is defined such that it contributes towards both Research Roadmap Tasks 4.2: Enhancing IBR 

response during and subsequent to faults, and 5.2: Grid-forming capability for HVDC stations and 

wind and solar farms. Grid-forming wind energy resources have been selected as a non-BESS GFM-

IBR. The motivation behind this is that wind energy has significant potential in REZ regions [1], yet 

these regions largely overlap with weak parts of the network. This increases the likelihood that 

WTGs provide grid-strengthening services and have significant influence on the transient stability of 

REZ regions. In addition, two different types of WTG and the kinetic energy stored in their rotating 

parts could provide more flexibility in implementation and wider capabilities. Therefore, 

implementing grid-forming control in wind turbine generators and investigating their transient 

stability as well as grid-strengthening capabilities are found to be relevant research objectives. 

The two most commonly used wind turbine generators are Type-3 and Type-4 [13]. Generic 

representations of each type are shown in Figure 12 and Figure 13, and their distinctive features are 

summarised in Table 3. 

 

 

Figure 12: Generic model of Type-3 WTG. 

 

 

Figure 13: Generic model of Type-4 WTG. 

 

 Type-3 Wind Turbine Generator Type-4 Wind Turbine Generator 
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Generator Doubly-fed Induction Generator (DFIG) Permanent-Magnet Synchronous 
Generator (PMSG) 

Converter Rotor-connected, typically 30% of generator size Stator-connected, full-size converter 

Grid-coupling AC-coupled Generator DC-coupled Generator 

Table 3: WTG Properties. 

 

2.1.3.1 Grid-forming Type-3 WTG  

The block diagram of a generic Type-3 WTG is shown in Figure 14, which consists of three main 

components: 

¶ Aerodynamic Model generates the mechanical and electromagnetic torque references for the 

generator and RSC, respectively, based on the available wind speed. In addition, it regulates the 

rotor speed using pitch angle control.  

¶ Rotor-side Converter (RSC) generates the voltage applied to the rotor terminals, achieves 

ŘŜŎƻǳǇƭŜŘ ǊŜƎǳƭŀǘƛƻƴ ƻŦ 5CLDΩǎ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ ǘƻǊǉǳŜ ŀƴŘ ŜȄŎƛǘŀǘƛƻƴ ŎǳǊǊŜƴǘΦ GFM-control of 

the WTG is implemented in RSC. 

¶ Grid-side Converter (GSC) regulates the DC-link voltage of the back-to-back RSC-GSC system, and 

completes the circuit between the rotor and the AC-grid for bi-directional flow of slip power. GSC 

is always controlled in GFL-mode regardless of RSC control. 

 

Figure 14: Block diagram of Type-3 wind turbine generator [14]. 

 

Detailed modelling of Type-3 GFM WTG can be found in [14] and [15]. 
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In addition, crowbar protection has a direct impact on transient behaviour of Type-3 WTGs. Due to 

the transformer action of DFIG, large fault currents can be induced across the rotor circuit. The 

crowbar protection activates when a large rotor current magnitude is detected, and it short-circuits 

the rotor terminals via an impedance. This protects the converters from large currents, and avoids 

tripping of the turbine. However, while the crowbar is engaged, the RSC (hence the GFM-control) is 

effectively disabled. Crowbar typically remains active for the first 50-100ms of the fault, after which 

the fault current magnitude starts to decay. 

2.1.3.2 Grid-forming Type-4 WTG  

The block diagram of a generic Type-4 WTG is shown in Figure 15. The main control system 

encompasses the grid-side converter (GSC) control, machine-side converter (MSC) control, and 

aerodynamic controller. While the primary control level differs for each converter, the inner loops 

remain the same featuring cascaded voltage and current control loops. Detailed explanations of 

these loops and their tuning can be found in references such as  [16] [17]. 

GFM implementation in Type-4 wind turbine applications is classified into three strategies based on 

DC-voltage control function as follows [18].  

¶ M-GFM: MSC is responsible for regulating DC link voltage, which allows a typical power-

synchronization control in GSC.  

¶ G-GFM: GSC is responsible for regulating DC link voltage. Hence, DC-voltage-based self-

synchronization is adapted in GSC.  

¶ E-GFM: External energy storage regulates DC link voltage.  

 

Figure 15: Block diagram of Type-4 wind turbine generator. 

 

Detailed modelling of Type-4 GFM WTG can be found in [18].  

In this investigation, M-GFM mode has been utilized as GFM control due to its superior capabilities 

such as energy buffering capacity and black start functionality as well as features that enhance 

resilience and operational flexibility since GSC can be controlled in a similar manner to a GFM-BESS. 

At the same time, while the E-GFM mode provides stiffer DC-link voltage, increased overall cost and 

additional hardware burden makes it an unattractive option compared to M-GFM.  

In this approach, 
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¶ MSC assumes the role of regulating the DC-link voltage through the control of electromagnetic 

torque of the PMSG. 

¶ GSC regulates the output power enabling power-based synchronization mechanisms which 

ŜƳǳƭŀǘŜ {DΩǎ ƛƴŜǊǘƛŀ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΦ  

 

In both Type-3 and Type-4 WTGs, virtual synchronous generator (VSG) control that emulates a 

simplified swing equation is used as active power controller (APC) to achieve synchronisation and 

active power exchange with the grid. The transfer function of the APC can be expressed as 

ὅ ί
ρ

ςὌί ὑ
 

ρυ 

where Ὄ and ὑ  represent the inertia and damping coefficients.  

 
Parameter Type-3 Type-4 

Number of WTG  50 50 

WTG rated capacity (MW) 2 2 

WTG rated voltage (kV) 33 33 

WTG rated wind speed (m/s) 11 10 

WTG DC-link voltage (kV) 1.5 1.45 

WTG overload capability (pu) 1.2 1.2 

VSG Inertia constant, H (s) 1 3 

VSG Damping coefficient, Kd 100 100 

Table 4: Key parameters for Type-3 and Type-4 GFM WTG. 

 

2.1.3.3 Evaluation of GFM-WTG Transient Behaviour 

In order to evaluate the transient performance of GFM-WTGs, a detailed test-plan has been 

developed. This also enables determining the extent to which GFM-WTGs can support/strengthen 

their grid-connection point during and subsequent to transient events. 

To allow comparative studies to be carried out under the same conditions, detailed PSCAD models 

of both GFM Type-3 and Type-4 models have been developed. Using the detailed models, two 

separate 100 MW wind farms are then developed. The high-level methodology for the test-plan is 

listed below: 

¶ Apply a range of credible voltage and frequency disturbances in SMIB cases under: 

ï high/rated/low wind speeds 

ï strong/weak connection to the grid (e.g., high SCR-X/R and low SCR-X/R). 

¶ Examine the transient performance (ride-through, recovery of, and deviation in voltage 

magnitude and angle), in particular, the impact of current limitation, and compare with that of 

GFM-BESS. 
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¶ Evaluate GFM-²¢DǎΩ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ƎǊƛŘ ǎǘŀōƛƭƛǘȅ όŜΦƎΦΣ ƛƴŜǊǘƛŀƭ ǊŜǎǇƻƴǎŜΣ Ŧŀǳƭǘ current) under 

transient conditions. 

¶ Based on the evaluation results, identify any shortcomings and advantages of GFM-WTGs in 

comparison with GFM-BESS performance. 

In addition, in order to improve and/or mitigate any undesirable stability aspects, the root-cause of 

the shortcoming is investigated and a suitable solution is developed and validated.  

The test details are summarised below: 

 

Wind speed Grid strength GFM Current 
Limitation 

Contingencies 

Low wind (8 m/s) Strong grid (SCR=10, X/R=10) Q-priority High RoCoF Frequency Disturbance 

Rated wind (11 m/s)  Weak grid (SCR=2, X/R=3) Non-priority 430ms Shallow fault near POC 

High wind (14 m/s)   430ms Deep fault near POC 

Table 5: Type-3 GFM WTG test parameters and disturbances. 

 

Wind speed Grid strength GFM Current 
Limitation 

Contingencies 

Low wind (8 m/s) Weak grid (SCR=2, X/R=3) Q-priority High RoCoF Frequency Disturbance 

Rated wind (10 m/s)   Non-priority 200ms Deep fault near POC 

High wind (12 m/s)    

Table 6: Type-4 GFM WTG test parameters and disturbances. 

To enable a detailed examination, a set of key variables are observed, including POC voltage 

magnitude and angle, POC active and reactive power flows, converter active and reactive current 

outputs, converter dynamic current limits, DC-link voltage, generator rotor speed and torque. 
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2.2 Results and Discussion 

This section presents comprehensive results from the simulation studies, showing that grid-forming 

inverters can significantly enhance grid stability. The discussion also identifies key factors 

influencing stability and the effectiveness of different inverter control strategies, providing insights 

into optimal grid management practices. 

2.2.1 Task 1 and Task 2 

To confirm the precision of the theoretical analysis outlined above, PSCAD/EMTDC models were 

created for diverse test scenarios, with the primary parameters detailed in Appendix. Furthermore, 

a tool is developed using MATLAB/Simulink. 

2.2.1.1 Three Cluster Mesh Network 

In this section, the system depicted in Figure 16, which consists of three clusters is studied with two 

cases across three distinct configurations: 

 

Figure 16: Network diagram of 3 cluster 7- IBR mesh network. 
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¶ Test 1.1: Partially mesh network (Breaker 1 & 2 open): Cases a, b, and c 

¶ Test 1.2: Fully mesh network (Breaker 1 & 2 close): Cases a, b, and c 

 

Test 1.1) Partially mesh network: The 3-cluster network shown in Figure 16 is now considered with 

the breakers of the line connecting clusters 2 and 3 closed. Similarly, the active power setpoint of 

GFMI 1.1, i.e., ὖ ȟȢ, and the impedance between cluster-1 and the global common bus, i.e., ὤȟ,  

are varied to estimate the TS margin of the system. During these simulations, the grid voltage is 

reduced to 0.6 pu at 30 seconds, maintained for a duration of 0.8 seconds, representing the Critical 

Clearing Time (CCT) for the base case. The estimated stability margins obtained from the time 

domain simulation and tool are shown in Table 7. The time domain results are shown in Figure 17. 

 

Parameter Case A (Base) Case B Case C 

ὖ ȟȢ   ὓὡ  ςχȢυ σπȢςυ ςχȢυ 

ὤȟ   ὴό πȢπρππȢσππὮ πȢπρππȢσπὮ πȢπρυπȢτυὮ 

Ὀ ȟ  ςȢςρ ςȢπυ ρȢψχ 

Ὀ ȟ  ςȢςφ ςȢπω ρȢωπ 

Ὀ ȟ  0 -0.08 -0.16 

Table 7: Varied parameters and TS margins for the Figure 16 system (breakers open). 

 

As depicted in Figure 17, Case A illustrates the system returning to normal operation following a 

small period of oscillations upon fault clearance. However, in Case b, where the dispatch level of 

GFMI1.1 is increased from 27.5 MW to 30.25 MW (0.5 pu to 0.55 pu), the system fails to restore to 

its pre-fault state post-clearance. Figure 17 (b), (e), (h), and (k) depict voltage, power, angle, and 

frequency parameters diverging towards extreme values. This reduction in stability is also 

corroborated by the Ὀ  values as shown in Table 7. Despite Case a exhibiting a high Ὀ  value, an 

escalation in the power dispatch level in Case b results in a decrease in the Ὀ  value from 2.26 to 

2.09, with Case b's Ὀ ȟ  value recorded at -0.08.  

In Case C, a transmission line linking the global common bus to local common bus 1 is non-

operational, leading to an impedance, Zc,1 1.5 times higher than in the base scenario. This 

impedance increment weakens the network, suggesting a lower Ὀ  value relative to Case a. As 

anticipated, Case c records a Ὀ  of 1.90. Despite experiencing the same voltage sag and 

disturbance duration as Case a, the IBRs in Case c demonstrate instability, as evidenced in Figure 17 

(c), (f), (i), and (j). The IBRs fail to revert to their pre-fault conditions in terms of voltages, powers, 

frequencies, and angles. Moreover, the more negative Ὀ ȟ  value signifies a deterioration in 

system stability.  

The Ὀ ȟ , values obtained from PSCAD simulations closely correspond to the Ὀ ȟ  values 

computed by the developed tool, as illustrated in Table 7. These findings from the case study 

validate the efficacy of Ὀ  in evaluating the TS of larger systems and affirm the precision of the 

stability assessment tool. 
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Figure 17: Time domain results for Test 1.1: Cases a, b, c. Case a: (a) voltages, (d) powers, (g) angles, and (j) 

frequencies. Case b: (b) voltages, (e) powers, (h) angles, and (k) frequencies. Case c: (c) voltages, (f) powers, (i) angles, 

and (l) frequencies.  

Test 1.2) Fully mesh network: The 3-cluster network shown in Figure 16 is now considered with the 

breakers of the line connecting clusters 2 and 3 closed. Similarly, the active power setpoint of GFMI 

1.1, i.e., ὖ ȟȢ, and the impedance between cluster-1 and the global common bus, i.e., ὤȟ,  are 

varied to estimate the TS margin of the system. The estimated stability margins obtained from the 

time domain simulation are shown in Table 8. The time domain results are shown in Figure 18. 

 

Parameter Case A (Base) Case B Case C 

ὖ ȟȢ   ὓὡ  ςχȢυ σπȢςυ ςχȢυ 

ὤȟ   ὴό πȢπρππȢσππὮ πȢπρππȢσπὮ πȢπρυπȢτυὮ 

Ὀ ȟ  ςȢςσ ρȢωχ ρȢψυ 

Ὀ ȟ  ςȢςω ςȢρς ρȢως 

Ὀ ȟ  0 -0.07 -0.16 

Table 8: Varied parameters and TS margins for the Figure 16 system (breakers closed). 

 

Figure 18 illustrates that while Case a exhibits a recovery to normal operation following fault 

clearance, Case b, characterized by an changed dispatch level of GFMI1.1 from 27.5 MW to 30.25 

MW (0.5 pu to 0.55 pu), fails to return to its pre-fault condition. Significant deviations in voltage, 

power, angle, and frequency parameters are observed. The reduced stability in Case b is further 

evident in the Ὀ  values presented in Table 8, where the higher dispatch level results in a decrease 

in Ὀ  from 2.29 to 2.12, indicating diminished stability with a Ὀ ȟ  of -0.07. Moreover, Case 
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c experiences compromised stability due to a malfunctioning transmission line, leading to a 1.5-fold 

increase in impedance, thereby weakening the network. This deterioration is quantified by a lower 

Ὀ  of 1.92 compared to Case a. Similar to Case b, the IBRs in Case c exhibit instability under 

identical conditions, with system parameters failing to normalize post-fault, indicative of a 

significant reduction in stability, as denoted by a negative Ὀ ȟ  value. 

Tests 1.1 and 1.2 utilize identical numbers of clusters and IBRs, but they vary in their network setups. 

Upon comparing the base cases of both tests, it becomes evident that a fully meshed network 

configuration demonstrates a greater stability margin in contrast to a partially meshed setup. These 

results confirm the effectiveness of this approach in identifying the optimal network configuration 

for renewable energy zones. 

 

Figure 18: Time domain results for Test 1.2: Cases a, b, c. Case a: (a) voltages, (d) powers, (g) angles, and (j) 

frequencies. Case b: (b) voltages, (e) powers, (h) angles, and (k) frequencies. Case c: (c) voltages, (f) powers, (i) angles, 

and (l) frequencies  
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2.2.1.2 Optimal Network Configuration Analysis: Comparing DEP Values Across a Four-Cluster 
System 

 

Figure 19: Network diagram of 4-cluster 11-IBR mesh network. 
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The subject of focus in this section is the system depicted in Figure 19 which consists of four clusters. 

Through the manipulation of the inter-cluster impedance ὤȟ, ranging from zero to the values 

provided in the Appendix Table 15, a range of network configurations is established. This 

methodology facilitates a comprehensive investigation into TS by comparing the Ὀ  values across 

these configurations. The aim is to determine the most advantageous network arrangement for 

augmenting system stability, utilizing Ὀ  as a comparative metric to assess the efficacy of each 

configuration. 

 

Test Configuration Z1,2 Z1,3 Z1,4 Z2,3 Z2,4 Z3,4 DEP 

2.1 Radial π π π π π π ρȢπυ 

2.2 Ring ρ π ρ ρ π ρ ρȢρυ 

2.3 Fully-mesh ρ ρ ρ ρ ρ ρ ρȢρφ 

2.4 Mixed π π π ρ ρ ρ ρȢρπ 

2.5 Mixed π ρ ρ π π ρ ρȢρτ 

2.6 Mixed ρ π ρ π ρ π ρȢρσ 

2.7 Mixed ρ ρ π ρ π π ρȢπφ 

Table 9: Network arrangements and corresponding ╓╔╟ values. 

 

In Table 9, the value of ὤȟ signifies the inter-cluster connections within the network, where a value 

of 0 denotes absence of connection and a value of 1 indicates presence of connection, with 

corresponding line impedances specified in Appendix Table 15. An examination of the Table 9 

reveals that when the four clusters are radially interconnected, the system manifests a lower TS 

margin, as indicated by a Ὀ  value of approximately 1.05. This value is comparatively lower than 

other configurations investigated. Specific configurations in Tests 2.4 through 2.7 illustrate radial 

connections originating from clusters 1 through 4 respectively, with the remaining clusters 

interconnected. Notably, an augmentation in the Ὀ  value is discernible when cluster two lacks 

interconnections with other clusters. A fully meshed network configuration exhibits a heightened 

stability margin, evident by a Ὀ  value of 1.16. These findings provide valuable insights into the 

influence of network topology on system stability, suggesting that a fully meshed network 

configuration could offer a more resilient arrangement for enhancing the TS of the system.  

These findings highlight the significance of this methodological approach, as it offers a quantitative 

assessment of network configurations using the Ὀ  value, a stability metric that enables the 

evaluation of transient stability margins in intricate power systems. Through the analysis of various 

network topologies and their corresponding Ὀ  values, this approach enables a systematic 

evaluation of how different inter-cluster connections impact the TS of the grid. 
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2.2.1.3 Sensitivity Analysis of Four Cluster Mesh Network 

 

Based on the aforementioned study, it is observed that a four-cluster mesh network, i.e., the 

configuration in Test 2.3, exhibits the highest Ὀ  value. Therefore, it is used as the base case 

configuration in the following tests. This section delves into an examination of the stability margin 

variations concerning different system parameters within this four-cluster meshed network. When 

devising renewable energy zones, determining the locations of local and global common buses holds 

paramount importance. Additionally, simultaneous operation of IBRs necessitates careful 

consideration of the dispatch level of the inverters. A number of parameters affect stability margins, 

including, active/reactive power setpoints, line impedances, voltage setpoints, and network 

configurations. To illustrate the impact of some of these system parameters on the DEP value, two 

distinct test cases are conducted: 

¶ Test 3.1: Variation of Ὀ  with the location of the local common bus. 

¶ Test 3.2: Variation of Ὀ  with the dispatch level of GFMIs. 

 

Test 3.1) Variation of ╓╔╟ȟ╡▄■╪◄░○▄ with the location of the local common bus: The alteration in the 

location of the local common bus of cluster 1 necessitates a modification in the transmission line 

impedance ὤȟ. Leveraging the Ὀ ȟ  value of the network facilitates the identification of an 

optimal bus location conducive to enhancing system stability. In this investigation, ὤȟ is 

systematically varied across a range from πȢυ ὤȟ to ρȢυ ὤȟ from the base case value, allowing for 

an in-depth exploration of the corresponding variations in Ὀ ȟ . This analysis endeavours to 

elucidate the correlation between the location of the local common bus of cluster 1 and the overall 

transient stability of the system. 

 

Figure 20: Variation of ╓╔╟ȟ╡▄■╪◄░○▄ with location of local common bus in cluster 1. 
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As shown in Figure 20, the installation of a local common bus farther away from the cluster leads to 

a rise in the impedance of the transmission line connecting them. As a consequence, the 

Ὀ ȟ value become a negative stance. Conversely, positioning the local common bus in close 

proximity to the cluster tends to bolster system stability. Through the execution of this test, we gain 

insights into the fluctuations in the Ὀ ȟ value corresponding to alterations in line impedance, 

wherein an increase in impedance is accompanied by a more pronounced negative deviation in the 

Ὀ ȟ value. Hence, leveraging this analytical tool enables the identification of the most 

optimal placements for both local and global common buses.  

 

Test 3.2) Variation of ╓╔╟ȟ╡▄■╪◄░○▄ with the dispatch level of GFMIs: In a particular test case, we 

adjusted the power reference of GFMI1.1 and observed the Ὀ ȟ variation. In this 

investigation, ὖȟȢis systematically varied across a range from πȢυ ὖȟȢ to ρȢυ ὖȟȢ from the base 

case value, allowing for an in-depth exploration of the corresponding variations in Ὀ ȟ . This 

analysis endeavours to elucidate the correlation between the power dispatch level of GFMI1.1 and 

the overall transient stability of the system.  

 

Figure 21: Variation of ╓╔╟ȟ╡▄■╪◄░○▄ with dispatch level of GFMI1.1. 

 

The Figure 21 illustrates the inverse relationship between the dispatch level of Grid-Forming 

Inverters and the Ὀ ȟ . A discernible increase in the Ὀ ȟ value correlates with a 

reduction in the dispatch level of GFMI1.1, indicative of an enhancement in system stability. The 

execution of this test provides valuable insights into the variability of the Ὀ ȟ value as a 

function of the power dispatch levels of GFMIs. The observed data thereby offer critical 

understanding of the dynamics affecting system stability, which is essential for the optimization of 

inverter dispatch strategies to ensure robust and stable power system operations. 
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Summary 

¶ The stability margin Ὀ  provides a quantitative measure of a system's robustness against 

changes within the system, offering insights into its ability to maintain stability under varying 

conditions. 

¶ It has been observed that an increase in the distance between the local common bus and the 

global common bus adversely affects the stability margin of the network, thereby highlighting a 

crucial factor in network design. 

¶ Elevating the dispatch level of inverters has been found to decrease the transient stability of the 

network, necessitating careful adjustment of inverter output settings to maintain grid stability. 

¶ The transient stability assessment tool has proven to be effective in providing precise values for 

the grid stability margin (Ὀ ) under different network arrangements and diverse operational 

conditions. This tool is useful for grid operators and planners aiming to optimize grid performance 

and ensure stability.  
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2.2.2 Task 3 

2.2.2.1 Performance comparison of GFM current limiting methods 

 

PQ priority current limiter  

Case 1: the performance of PQ priority current limiter is analyzed for a bolted phase-B-to-phase-C-

to-ground (BCG) fault at POM of the plant in Figure 7. The fault happens at ὸ  5 s and remains on 

the system for 100 ms. The GFM uses virtual synchronous machine (VSM) configuration with an 

inertia time constant, Ὄ, of 5 s and a damping coefficient, Ὀ, of 150 in the outer control loop. 

Moreover, the PQ priority current limiter in P priority mode is used to limit the inverter current in 

this case.  

Figure 22 shows the measurements at POC of the plant in Figure 8 , i.e., inverter terminal, for this 

case. Figure 22(a) shows that the PQ priority current limiter have successfully limited the three-

phase instantaneous currents to below the maximum current of the inverter, i.e., 1.5 pu, shortly 

after the fault inception. This shows that the PQ priority current limiter is a relatively fast current 

limiting technique.   

 

(a) 

(b) 
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(c) 

Figure 22: Measurements at POC for Case 1. (a) Instantaneous currents. (b) Positive-sequence active and reactive 

currents. (c) Negative-sequence active and reactive currents. 

 

Figure 22(b) and Figure 22(c) illustrate the positive- and negative-sequence active and reactive 

currents generated by the IBR during this fault. ὶ and ὴ subscripts in these figures show reactive and 

active components, respectively. It is shown in Figure 22(c) that the GFM generates a purely reactive 

negative-sequence current, as the K-factor control is followed in the negative-sequence circuit 

during faults. Furthermore, Figure 22(b) shows that the GFM is injecting an active current of 1.22 pu 

and a reactive current of 0.77 pu. Ὅ is unexpectedly large for this case, especially given that the 

fault is bolted and close-in and the current limiter is working in P priority mode. To get a better 

understanding of why the full capacity of the IBR is not allocated to active current in this case,  (b) 

Figure 23 depicts the positive-sequence Ὠ and ή axes reference and POC-measured currents in the 

GFM control system. As expected, this figure demonstrates that the control system allocates the 

entire capacity of the IBR to Ὅͅ  and makes Ὅͅ  zero to prioritize active current generation. 

Moreover, the figure shows that the reference signals are closely tracked at POC. However, this 

does not match the actual positive-sequence active and reactive currents at POC in Figure 22(b). 

The reason for such a mismatch is that the Ὠή axes of the IBR control system has lost their 

synchronism and alignment with the Ὠή axes of the grid voltage, as a result of which the Ὅ and Ὅ 

in the IBR control system no longer represent active and reactive currents generated by the IBR at 

POC during the fault.  

To further illustrate the above point, Figure 24 shows the reference angular frequency, ‫ , of the 

GFM control system that is generated by the VSM loop. Before the fault, ‫  is 1 pu, i.e., 60 Hz, 

but immediately after the fault inception, ‫  starts deviating from 1 pu because of the mismatch 

between the reference and measured active powers during the fault. This deviation results in the 

Ὠή reference frame of the IBR control system to rotate at a speed higher than 377 rad/s, i.e., the 

grid Ὠή axis speed, and so synchronism is lost. In addition, Figure 25 shows the positive-sequence Ὠ 

and ή axes reference and POC-measured voltages in the GFM control system. Since the PQ priority 

current limiter modifies the current references of the IBR control system directly, the voltage control 

loop is overridden when this limiter becomes active. Consequently, the voltage references are not 

followed at POC during the fault, as shown in Figure 25. As a result, ᾠ  deviates from zero, and so 

the Ὠή axes of the IBR control system lose alignment with the Ὠή axes of the grid voltage. This results 

in Ὅ and Ὅ in the IBR control system to no longer represent active and reactive currents generated 

by the IBR at POC. Therefore, the above discussion shows that the PQ priority current limiter might 
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not able to correctly prioritize active and reactive currents in GFM IBRs (assuming that the control 

system is implemented in the Ὠή reference frame).  

 

 

(a) 

 

(b) 

Figure 23: Positive-sequence measured and reference currents. (a) d-axis. (b) q-axis. 

 

 

 

Figure 24: The reference angular frequency of the IBR control system. 
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(a) 

 

 

(b) 

Figure 25: Positive-sequence reference and measured voltages. (a) d-axis. (b) q-axis. 

 

Case 2: To illustrate that the issue mentioned in Case 1 for the PQ priority current limiter is 

ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ǘƘŜ tκv ƳƻŘŜΣ ŎƻƴǎƛŘŜǊ ŀƴƻǘƘŜǊ ŎŀǎŜ ǿƘŜǊŜ ŀ ./D Ŧŀǳƭǘ ǿƛǘƘ ŀ ǊŜǎƛǎǘŀƴŎŜ ƻŦ р Ҡ ƛǎ 

applied at POM of the plant when the current limiter operates in Q priority mode. 

Figure 26, Figure 27, and Figure 28 show the measurements in this case. Figure 26(c) shows that 

although the current limiter is operating in Q priority mode, the GFM is injecting a reactive current 

of Ὅ  0.24 pu and active current equal to Ὅ  1.24 pu. Examining Ὅͅ  and Ὅͅ  ƛƴ ǘƘŜ DCaΩǎ 

control system in Figure 26(a) and Figure 26(b), Ὅͅ  is 0.5 pu and Ὅͅ  is 1.16 pu. Similar to the 

previous case, the measured active and reactive currents at the inverter terminal do not match the 

reference Ὠή current in the control system, generated by the PQ priority current limiter. As 

discussed earlier, the underlying reason for this mismatch is synchronism and alignment loss of the 

Ὠή reference in the GFM control system, illustrated in Figure 27 and Figure 28.  

It is also important to point out that in addition to the above reasons for injecting a highly active 

current by the GFM in Cases 1 and 2, another reason for such a behaviour is that the PQ priority 

current limiter does not have an inherent mechanism to increase reactive current proportional to 

voltage drop during faults.  This current limiter only modifies the references received from the outer 

control loop such that P or Q are prioritized. In GFL inverters, however, this mechanism is normally 

achieved through the K-factor control in the positive-sequence circuit. Since K-factor control is not 

followed by GFMs in the positive-sequence circuit and the PQ priority current limiter also does not 

have such functionality, the ratio of active to reactive component in the positive-sequence current 

remains unregulated during faults. This can result in an inferior voltage and frequency support 

during faults.  
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(a) 

 

(b) 

 

(c) 

Figure 26: (a) Positive-sequence ▀-axis measured and reference currents. (b) Positive-sequence ▲-axis measured and 

reference currents. (c) Positive-sequence measured active and reactive currents. 

 

 

Figure 27: The reference angular frequency of the GFM control system for Case 2. 
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(a) 

 

(b) 

Figure 28: Positive-sequence reference and measured voltages for Case 2. (a) d-axis. (b) q-axis. 

 

Virtual impedance current limiter  

Case 3: In this case, the performance of the virtual impedance current limiting method is analyzed. 

To this end, a BCG fault with a resistance of 5 Ҡ is applied at POM of the plant, similar to Case 2. The 

GFM uses the virtual impedance method with an ὢȾὙ ratio of 4 to limit the inverter current during 

the fault. The ratio of Ὅ  to Ὅ  is 3 in this case.  

Figure 29 illustrates the POC measurements for this fault. Figure 29όŀύ ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ ƛƴǾŜǊǘŜǊΩǎ 

current is limited below the 1.5-pu limit within about 80 ms. Compared to the PQ priority current 

limiter in Figure 22(a), the current in this case is limited with a lower speed because, as mentioned 

earlier, the virtual impedance method acts upon the references of the voltage control loop, which 

is a slower loop compared to the current control loop where the PQ priority current limiter is 

implemented. Moreover, as Figure 29(b) demonstrates, Ὅ is 0.85 pu and Ὅ is 1.18 pu. The GFM is 

injecting a significantly larger reactive current in this case compared to Case 2 in Figure 26(c). The 

ratio of Ὅ to Ὅ in the virtual impedance method is impacted by the X/R ratio of the virtual 

impedance. A larger ὢȾὙ ratio results in injection of a larger reactive current during faults. This 

establishes a relation between the magnitude of the injected reactive current and the voltage drop 

during faults (similar to K-factor control), which is missing in the PQ priority current limiter. In the 

negative-sequence circuit, however, both current limiting methods perform similarly, and as Figure 

29(c) illustrates, the GFM injects a purely reactive current based on K-factor control.  
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(a) 

 

(b) 

 

(c) 

Figure 29: Measurements at POC for Case 3. (a) Instantaneous currents. (b) Positive-sequence active and reactive 

currents. (c) Negative-sequence active and reactive currents. 

 

Case 4: To shed light on the impact of ὢȾὙ ratio of the virtual impedance on the share of active and 

reactive components in the positive-sequence current of the GFM, Case 3 is re-simulated for 

different ὢȾὙ ratios. Figure 30 shows Ὅ and Ὅ of the GFM for ὢȾὙ ratios of 2, 4, and 6. It can be 

seen that as ὢȾὙ ratio increases, Ὅ rises and Ὅ drops. In other words, the ratio of Ὅ to Ὅ 

ƛƴŎǊŜŀǎŜǎΣ ƳŀƪƛƴƎ ǘƘŜ DCaΩǎ ŎǳǊǊŜƴǘ ƳƻǊŜ ǊŜŀŎǘƛǾŜΦ IƻǿŜǾŜǊΣ ǘƘŜ ŜȄŀŎǘ Ǌŀǘƛƻ ƻŦ Ὅ to Ὅ cannot be 

regulated. Thus, it can be said that the ὢȾὙ ratio of the virtual impedance indirectly regulates the 

ǎƘŀǊŜ ƻŦ ŀŎǘƛǾŜ ŀƴŘ ǊŜŀŎǘƛǾŜ ŎƻƳǇƻƴŜƴǘǎ ƛƴ DCaΩǎ ǇƻǎƛǘƛǾŜ-sequence current during faults.  
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(a) 

 

(b) 

 

(c) 

Figure 30: Positive-sequence active and reactive currents at POC for (a) ὢ/Ὑ = 2. (b) ὢ/Ὑ = 4. (c) ὢ/Ὑ = 6. 

 

Case 5: The level of voltage support that an IBR provides during faults, especially severe faults, is of 

great importance to the grid. Hence, this case compares the voltage support provided by the PQ 

priority and the virtual impedance methods. Consider Cases 2 and 3 that have the same fault 

condition but with different current limiters. Figure 31 illustrates the magnitude of the positive- and 

negative-sequence voltages at POC during these cases. As shown, the magnitude of the positive-

sequence voltage is 0.1 pu larger when the GFM uses the virtual impedance method compared to 

PQ priority current limiter. The main reason for this is the significantly larger Ὅ of 0.85 pu in Figure 

29(b) with virtual impedance method compared to Ὅ of 0.24 pu in Figure 26(c) with the PQ priority 

method. Therefore, this case shows that the virtual impedance method can support the voltage 

better during faults compared to the PQ priority method (if the ὢȾὙ ratio is large enough).  
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(a) 

 

(b) 

Figure 31: Positive- and negative-sequence voltages at POC for (a) Case 2 with PQ priority current limiter. (b) Case 3 

with virtual impedance current limiter. 

 

Summary 

¶ The Ὠή implementation of the PQ priority current limiter in GFL IBRs may not effectively regulate 

active and reactive currents based on PQ priorities in GFM IBRs. Accordingly, based on the studies 

performed, one conclusion could be that the term "PQ priority," as implemented in the current 

model, might not be suitable for GFM technology.  

¶ The PQ priority current limiter lacks a mechanism to increase reactive current proportional to the 

voltage drop during faults.  

¶ In the virtual impedance method, active and reactive currents can be indirectly regulated using 

the ὢȾὙ ratio. 

¶ The virtual impedance method could potentially support voltage more effectively during faults if 

the ὢȾὙ ratio is chosen appropriately. 

¶ ¢ƘŜ tv ǇǊƛƻǊƛǘȅ ƳŜǘƘƻŘ Ŏŀƴ ƭƛƳƛǘ ǘƘŜ ƛƴǾŜǊǘŜǊΩǎ ŎǳǊǊŜƴǘ ŦŀǎǘŜǊ ǘƘŀƴ ǘƘŜ ǾƛǊǘǳŀƭ ƛƳǇŜŘŀƴŎŜ ƳŜǘƘƻŘΦ  
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2.2.2.2 Transient stability assessment of GFM IBRs   

This section investigates transient stability of GFM IBRs during faults. The study includes a sensitivity 

analysis on the parameters that can impact stability of the inverter control system. Three influential 

parameters have been identified and will be considered in the following, including Ὅ /Ὅ , Ὅ , 

and ὢȾὙ ratio. As previously mentioned, this section will focus solely on the virtual impedance 

method because the PQ priority current limiter did not show transient stability issues during the 

tested fault scenarios.  

 

Impact of ╘□╪●/╘□╪● ratio  

Case 6: the impact of Ὅ /Ὅ  ratio on transient stability of the GFM control system is evaluated 

in this case. Take the case where a bolted phase-A-to-ground (AG) fault happens on bus B6 in Figure 

9 at ὸ  5 s and remains on the system for 200 ms. The GFMs use droop control and virtual 

impedance method with ὢȾὙ  1 and Ὅ  1.5 pu during this fault. The current of the GFM at 

bus B2 is analyzed for three different values of Ὅ /Ὅ , including 5, 3, and 1.  

Figure 32 displays the instantaneous three phase currents measured at POC of the GFM at bus B2 

in this case for different Ὅ /Ὅ  ratios. It is shown that decreasing Ὅ /Ὅ  has resulted in 

ƛƴǎǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ DCaΩǎ ŎƻƴǘǊƻƭ ǎȅǎǘŜƳ ŀƴŘ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŀ ƴƻƴ-sinusoidal current during the fault. 

The smaller the Ὅ /Ὅ  ratio, the smaller the capacity allocated to the positive-sequence current. 

Thus, the adaptive virtual impedance method, used in the GFM model, needs to develop a larger 

virtual impedance to be able to push the magnitude of the positive-sequence current to a smaller 

value. This results in instability of the control system, as it makes the inverter to be connected to a 

weaker grid. Therefore, it is important to allocate sufficient capacity to the positive-sequence 

current to ensure stable operation of the virtual impedance method during faults.  

 

(a) 
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(b) 

 

(c) 

Figure 32: Instantaneous currents during Case 6 at POC of GFM at bus B2. (a) ╘□╪●Ⱦ╘□╪●   5. (b) ╘□╪●Ⱦ╘□╪●   3. 

(c) ╘□╪●Ⱦ╘□╪●   1. 

 

Impact of ╘□╪● 

Case 7: Another parameter that can impact transient stability of GFMs is the total maximum current 

capacity of the inverter, Ὅ . To assess the impact, the same fault condition as that of Case 6 is 

applied with Ὅ /Ὅ  3 and ὢȾὙ  1. Ὅ  is changed from 1.5 pu to 1.3 pu and 1.1 pu.  

Figure 33 depicts the instantaneous three phase currents measured at POC of the GFMI at bus B2 

during the fault for different values of Ὅ . It can be seen that as Ὅ  drops, the instability of the 

GFM control system happens earlier during the fault, making the current non-sinusoidal. Similar to 

the previous case, a smaller Ὅ  reduces the capacity allocated to the positive-sequence current, 

which asks for a larger virtual impedance, thereby enhancing the likelihood of instability.   

 

 

(a) 
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(b) 

 

(c) 

Figure 33: Instantaneous currents during Case 7 at POC of GFM at bus B2. (a) ╘□╪●  1.5 pu. (b) ╘□╪●  1.3 pu. (c) 

╘□╪●  1.1 pu. 

 

Impact of ╧Ⱦ╡ ratio 

Case 8: this case investigates the impact of ὢȾὙ ratio of the virtual impedance on stability of the 

GFM control system. The same fault condition as in the last two cases is simulated for ὢȾὙ ratios of 

1, 3, and 5.  

Figure 34 shows the measurement at POC of the GFM at bus B2 for different ὢȾὙ ratios. As shown, 

increasing the ὢȾὙ ratios, i.e., making the virtual impedance more inductive, reduces the stability 

margin of the control system and results in an earlier instability during the fault with larger 

oscillations. The underlying reason for this is that a more inductive virtual impedance has a lower 

damping capability, as mentioned in [19], which reduces the stability margin of the control system.  

 

(a) 
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(b) 

 

(c) 

Figure 34: Instantaneous currents during Case 8 at POC of GFM at bus B2. (a) ╧Ⱦ╡  1. (b) ╧Ⱦ╡  3. (c) ╧Ⱦ╡  5. 

 

Summary 

Multiple simulations were performed, and the results were illustrated for three scenarios. The 

following observations were made: 

¶ Decreasing Ὅ /Ὅ  ratio can cause instability in the GFM control system when using the virtual 

impedance method.  

¶ Reducing Ὅ  can lead to instability in the GFM control system when the virtual impedance 

method is used.  

¶ Increasing the ὢȾὙ ratio of the virtual impedance can cause instability of the GFM control system 

by diminishing its damping capability. 
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2.2.2.3 Impact of GFM fault response on protection 

Impact of PQ priority current limiter on phase selection element 

In this section, the performance of the phase-selection element of the relay at bus B6 in Figure 11 

is assessed when the GFM at bus B2 uses the PQ priority current limiter.  

 

Case 9: consider a bolted AG fault at ὸ  5 s in front of the relay. The GFM uses PQ priority method 

in Q priority mode. Ὅ  of the inverter is 1.1 pu, and K-factor in the negative-sequence control loop 

is 6.  

Figure 35 illustrates the relay measurements during this fault. As Figure 35(a) shows, ‏  and ‏ 

settle at 66.1Ј and 16.3Ј, respectively. Given that the correct range of ‏  and ‏ for AG faults in 

Figure 10 are [ 15Ј, 15Ј] and [ 30Ј, 30Ј], respectively, ‏  lies outside the correct range, but ‏ is 

inside. Consequently, the relay mistakenly labels the fault as ABG with ‏  method. The main reason 

for this maloperation is that the angle zones in Figure 10 have been derived based on the sequence 

current angles of SGs during faults. Unlike the sequence current angles of SGs, which depend on 

fault properties and system physics, the sequence current angles of IBRs depend on their control 

system and FRT strategy. Therefore, sequence currents of GFMs and SGs can have different angles 

during faults. This lies the ground for maloperation of the phase-selection element in the presence 

of GFMs, as demonstrated in this case. For example, for the same fault condition, if the GFM at bus 

B2 is replaced with the SG in the original IEEE 9-bus system, ‏  and ‏ would change to 6.5Ј and 

0.3Ј, respectively, both of which are within the correct zones for AG faults.  

The negative-sequence current of the GFM model is generated based on the K-factor diagram and 

is purely inductive, which has a characteristic similar to the negative-sequence current from an SG. 

As a result, ‏ method operates correctly for this fault. If other control objectives are followed in 

the negative-sequence control loop, ‏ may fail too. Figure 35(b) and Figure 35(c) also show the 

angle of the sequence currents and positive-sequence active and reactive current during this fault, 

respectively. As can be seen in Figure 35(c), although the fault is close-in and bolted, the GFM is 

injecting a highly active current, which is not normally the case when an SG is used. This is the 

underlying reason for a different sequence current angles for the GFM compared to SGs in this case.  
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(a) 

 

(b) 

 

(c) 

Figure 35: Relay measurements for Case 9. (a) Phase-selection element angles. (b) Sequence current angles. (c) 

Positive-sequence active and reactive currents. 

   

Case 10: To provide further insight into the impact of GFM parameters on the performance of the 

phase-selection element, consider the same fault condition as in the previous case when K-factor is 

reduced from 6 to 0.5.   

Figure 36 shows the relay measurements in this case. Decreasing K-factor has shifted ‏  from 66.1Ј 

in Figure 35(a) to 5.6Ј in Figure 36(a), thereby placing it is inside the [ 15Ј, 15Ј] range for AG faults. 

Moreover, ‏ is also inside the correct zone, and so the phase-selection element operates correctly 

using both methods in this case. Increasing the K-factor has shifted both the angle and magnitude 

of the positive-sequence current generated by the GFM, as Figure 36(b) and Figure 36(c) show, 

which has moved ‏  inside the correct range. It is also interesting to mention that for the same fault 

condition, if Ὅ  of the IBR is increased from 1.1 pu to 1.5 pu, ‏  will be shifted further and will 

settle at 26.1Ј, which is outside the [ 15Ј, 15Ј] range. Thus, the phase-selection element 

maloperates again. As a result, it is important to consider the combined effect of the GFM and fault-

related parameters when analysing the performance of the phase selection element.    
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(a) 

 

(b) 

 

(c) 

Figure 36: Relay measurements for Case 10. (a) Phase-selection element angles. (b) Sequence current angles. (c) 

Positive-sequence active and reactive currents. 

 

Case 11: to investigate the performance of the phase-selection element during other fault types, a 

bolted BCG fault was applied in front of the relay at ὸ  5 s. The GFM uses the PQ priority current 

limiter in P priority mode. K-factor is 6, and Ὅ  is 1.1 pu.  

Figure 37 displays the relay measurements during this fault. The corresponding ranges of ‏  and ‏ 

for BCG faults in Figure 10 are [165Ј, 195Ј] and [ 30Ј, 30Ј], respectively. For this fault, Figure 37(a) 

illustrates that ‏  is far from the correct zone, with a significant error of about 142Ј, but ‏ is well 

inside the [ 30Ј, 30Ј] range. Consequently, the phase selection element fails to identify the fault 

type when ‏  is used. Similar to Case 9, the main reason for this failure is the different fault current 

angle pattern of the GFM compared to that of SGs. Figure 37(c) also shows that the GFM is injecting 

a highly active current in this case (like Case 9).      
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(a) 

 

(b) 

 

(c) 

Figure 37: Relay measurements for Case 11. (a) Phase-selection element angles. (b) Sequence current angles. (c) 

Positive-sequence active and reactive currents. 

 

Impact of virtual impedance current limiter on phase selection element 

In this section, the performance of the phase-selection element is evaluated when the GFM uses 

the virtual impedance method. The test system setup is similar to the previous section.  

 

Case 12: consider the same fault condition as that of Case 9, i.e., a bolted close-in AG fault, when 

the GFM at bus B2 uses the virtual impedance method with  7, ὢȾὙ  0. Ὅ  1.1 pu, K-

factor  6.  

The relay measurements in this case are demonstrated in Figure 38. Both ‏  and ‏ in Figure 38(a) 

are outside the correct ranges for AG faults, i.e., [ 15Ј, 15Ј] and [ 30Ј, 30Ј], respectively. However, 

the relay operates correctly using ‏ because this angle is within the [ 30Ј, 30Ј] range for most of 

the fault duration and falls below 30Ј at around ὸ  5.05 ms. ‏ , on the other hand, remains 

outside the [ 15Ј, 15Ј] range for the entire duration of the fault. Figure 38(b) and Figure 38(c) also 
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show the sequence current angles and positive-sequence active and reactive currents during this 

fault, respectively. Since the ὢȾὙ ratio is 0, i.e., the virtual impedance is resistive, the GFM generates 

a highly active current in Figure 38όŎύΣ ǿƘƛŎƘ ŎŀǳǎŜǎ ŘŜǾƛŀǘƛƻƴ ƻŦ ǘƘŜ DCaΩǎ ǇƻǎƛǘƛǾŜ-sequence 

current angle from that SGs, which typically generate a highly reactive current in such fault 

conditions. Consequently, similar to the PQ priority method, the virtual impedance method can 

adversely impact performance of the phase-selection element.  

 

 

 

(a) 

 

(b) 

 

(c) 

Figure 38: Relay measurements for Case 12. (a) Phase-selection element angles. (b) Sequence current angles. (c) 

Positive-sequence active and reactive currents. 

 

Case 13: this case evaluates the impact of ὢȾὙ ratio of the virtual impedance on the performance 

of the phase-selection element. Consider a close-in BCG fault with Ὑ  р ҠΣ Ὅ  1.5 pu, K  6, 

‏ .7   and ‏ are recorded for three values of ὢȾὙ ratio, namely 0, 1, and 5, and are shown in 

Figure 39. For ὢȾὙ ‏ ,0   in Figure 39(a) is outside the [165Ј, 195Ј] range for BCG faults, so the 



Transient Stability Enhancement of IBR-dominated Grids in the Presence of Grid-forming Inverters  |  61 

phase-selection element fails to identify the correct fault type. Increasing the ὢȾὙ ratio to 1 shifts 

‏  to 188.2Ј in Figure 39(b) inside the correct zone, enabling correct operation of the phase-

selection element. However, if the ὢȾὙ ratio is increased further to 5, ‏  gets shifted too much 

such that it exceeds 195Ј and settles at 199.9Ј outside the correct zone. Consequently, the phase-

selection element maloperates again. Therefore, this case shows that a reliable operation of the 

phase-selection element can be achieved only for a certain range of ὢȾὙ ratios. Increasing or 

decreasing the ὢȾὙ ratio does not guarantee a reliable faulty phase selection. Moreover, the exact 

value of the ὢȾὙ ratio that can ensure correct operation of the phase selection element can vary 

depending on the fault properties and GFM IBR parameters.    

 

 

(a) 

 

(b) 

 

(c) 

Figure 39: Phase-selection element angles for (a) ╧Ⱦ╡  0. (b) ╧Ⱦ╡  1. (c) ╧Ⱦ╡  5. 
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Summary 

Multiple simulations were performed, and the results were illustrated for a few of these scenarios. 

The following observations were made: 

¶ Both PQ priority and virtual impedance current limiting methods can cause maloperation of the 

phase selection element based on ‏ .  

¶ The main reason for maloperation of the phase-selection element is the different positive-

sequence current angle of GFM IBRs than that of SGs during faults.  

¶ Different IBR-related parameters as well as fault properties can improve or worsen performance 

of the phase selection element in the presence of GFM IBRs.   
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2.2.3 Task 4 

2.2.3.1 Evaluation of Type-3 GFM WTG  

In order to verify the ability of the Type-3 GFM wind farm to operate in very weak grids, an SCR 

ramp-down test is performed as shown in Figure 40. The system is shown to maintain stiff POC 

voltage and stably inject its rated power down to SCR=1.0 after which theoretical maximum active 

power transfer limit is reached. 

 

 

Figure 40: Low-SCR operation of Type-3 GFM-WTG. 
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The tests defined for Type-3 WTG in section 2.1.3 are conducted and results are obtained. These 

results are summarised in Table 10, while the detailed waveforms are provided in the Appendix.  

  
Frequency Disturbance Shallow Fault Deep Fault 

Current 
Limitation 

(Q-priority / 
non-priority) 

Current limitation method 
ŘƻŜǎƴΩǘ ƘŀǾŜ ŀƴȅ ƛƳǇŀŎǘ ƻƴ 
inertial response. 

At low wind, the impact of current 
limitation is negligible. 

At high wind, Q-priority provides 
better voltage magnitude support, 
but larger voltage angle deviation 
(smaller TS margin), compared to 
non-priority.  

Active current requirement is large during 
fault recovery at high dispatch. Under Q-
priority, active current limit ŘƻŜǎƴΩǘ ǊŜŀŎƘ 
the required level immediately after fault 
clearance, which impacts active current 
injection and causes severe transients. 
These transients propagate to reactive 
current, active power, and voltage; then, 
they disappear once the pre-disturbance 
active current limit is restored. Therefore, 
transient performance using Q-priority at 
high wind speeds is poor. On the other 
hand, non-priority has better fault 
recovery performance due to sufficient 
headroom for active current. 

Grid Strength 

(Weak / 
Strong) 

Grid strength has negligible 
impact on inertial response at 
rated wind. 

Strong grid induces larger fault 
currents across the rotor circuit 
which triggers the crowbar and 
disengages GFM control, 
impacting voltage control ability at 
the beginning of the fault. 

Severe fault in strong grid causes the DC-
link voltage to collapse, leading to 
instability. 

Wind speed 

(High / Rated / 
Low) 

Inertial response at rated and 
above wind speeds is 
satisfactory, while at low wind 
speed is poor. This is due to the 
reduced DC-link voltage at low 
wind speed which reduces 
overall current injection 
capability. This also impacts the 
voltage regulation ability during 
inertial response, and prolongs 
rotor speed recovery. 

Compared to rated wind and 
above, low wind operation results 
in better voltage support due to 
lower active power loading and 
higher reactive current headroom, 
but more angle deviation (smaller 
TS margin). 

Low wind speed yields in better in-fault 
voltage support and fault recovery due to 
sufficient reactive current headroom.  

However, at wind speeds at and above 
rated, fault recovery is considerably 
impacted using Q-priority current 
limitation.  
 

Table 10: Summary of Type-3 GFM WTG test findings. 

 

Based on these findings, three main shortcomings in Type-3 GFM-WTG are identified in comparison 

with GFM-BESS performance. These are summarised in Table 11. 
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Shortcoming  

DC-link voltage 
regulation 

At low wind conditions, DC-link voltage is reduced, which in turn reduces the overmodulation limit, and 
hence, the maximum current limit. This degrades both inertial response and reactive support capability. 

In contrast, DC-link voltage in GFM-BESS is maintained nearly constant across all dispatch levels. 

Crowbar activation Severe faults in strong grids induce large fault currents in the rotor terminals of AC-coupled DFIG which 
triggers crowbar protection. Crowbar protection temporarily disables RSC, which impairs transient 
performance of the system by disabling the grid-forming control loop.   

This issue is not present in DC-coupled GFM-BESS. 

Post-fault active 
power recovery at 
high wind speeds 

After fault clearance, power angle and rotor speed dynamics take longer to settle at high dispatch 
conditions, which results in higher active power injection. The use of Q-priority CL therefore degrades the 
stability at high wind conditions. In contrast, active power recovery in GFM-BESS is not impacted by this 
phenomenon since rotor speed dynamics are not present. 

Table 11: Shortcomings in Type-3 GFM-WTG performance. 

Controller Enhancement for Type-3 GFM WTG 

Among the identified shortcomings, the post-fault active power recovery at high dispatch levels is 

found to be crucial from the transient stability point of view. Figure 42 shows the comparison of 

fault ride-through performance of a Type-3 GFM wind farm equipped with Q-priority and non-

priority CL at rated wind speed and weak grid. 

It is clear that the active power injection during the recovery period, i.e., approximately 1s after 

fault clearance, is higher than the pre-disturbance level. This can be explained by the dynamic 

coupling between the power angle and rotor speed, which form an equilibrium point on the ὖ

‫  plane. This phenomenon is known as synchronous stability, which corresponds to the rotor speed 

deviation for a transient active power response at a given wind velocity [20]. The active power 

controller (APC) and synchronization characteristics impact the restoration of the equilibrium point 

on the  ὖ ‫  plane following a disturbance, which subsequently influences the active power 

output during the restoration phase. This phenomenon is illustrated in Figure 41. 

 

 

Figure 41: Synchronization Stability on the ╟▄ ⱷ► Plane [20]. 
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Figure 42: Comparison of fault-ride through performance of two CL strategies using VSG-APC. 
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Using a conventional Virtual Synchronous Generator (VSG) based APC, the post-fault dynamics in 

the power angle and rotor speed take longer to settle at high dispatch conditions. This results in 

higher active power injection. At the same time, the reactive current is also impacted by these 

dynamics, which cause the reactive current output to ramp down slowly to its pre-disturbance level. 

The slower change in reactive current causes a slower increase in active current limit when Q-

priority current limitation is used. This, in turn, causes the active current to constantly hit its limit in 

an attempt to return to its pre-disturbance level, and produces severe oscillations in both the active 

and reactive currents. These transients propagate to active power and voltage, leading to an 

undesirable performance. On the other hand, this effect is not present when non-priority current 

limitation is used, since the active current is not strictly limited using this strategy. 

The post-fault transient trajectories of synchronous stability equilibrium points on the ὖ ‫  plane 

for Q-priority CL and non-priority CL are shown in Figure 43 and Figure 44, respectively. 

    

 
 

Figure 43: Post-fault equilibrium point trajectory using 
Q-CL in VSG-APC. 

Figure 44: Post-fault equilibrium point trajectory using 
Non-CL in VSG-APC. 

 

VSG-based APC in Type-3 GFM-WTGs is shown to display suboptimal synchronous stability 

performance [20] [21]. Therefore, in order to improve this transient behaviour, a first-order lead-

lag based APC can be used in lieu of VSG-APC [22] as 

ὅί
ί ὑ

ὑί ὑ
 

ρφ 

where ὑ , ὑ and ὑ  denote tracking, inertia, and damping coefficients, respectively. In addition, 

the steady-state droop is defined by . The main distinction between the VSG-APC and lead-lag-

APC is that the latter contains a zero that can provide additional damping without affecting the 

steady-state droop.  

In order to verify the improved transient performance with lead-lag-APC, the same fault is 

simulated. Figure 45, Figure 46 and Figure 47 show the time-domain traces and post-fault transient 

trajectories of equilibrium points using the lead-lag-APC for both CL methods.  

 



68  |  CSIRO !ǳǎǘǊŀƭƛŀΩǎ bŀǘƛƻƴŀƭ {ŎƛŜƴŎŜ !ƎŜƴŎȅ 

 

Figure 45: Comparison of fault-ride through performance of two CL strategies using lead-lag-APC. 
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Figure 46: Post-fault equilibrium point trajectory using 
Q-CL in lead-lag-APC. 

Figure 47: Post-fault equilibrium point trajectory using 
Non-CL in lead-lag-APC. 

 

It can be clearly observed that the power angle-rotor speed dynamics are significantly reduced and 

the equilibrium point is quickly restored. The post-fault power angle and active power output are 

more closely matching the pre-disturbance levels, which also causes the reactive current to return 

to its pre-disturbance level immediately after fault clearance. As a result, the transients observed in 

VSG-APC using Q-CL are now eliminated with lead-lag-APC using Q-CL. 

 

Summary 

¶ Type-3 GFM WTG systems have unique dynamics under transient conditions, which are impacted 

by wind speed levels and the type of converter current limitation. These dynamics result in 

different transient behaviour compared to GFM-BESS. 

¶ DC-link voltage regulation capability is found to be one of the main downsides that limits the 

overall transient response ability. This is usually not present in GFM-BESS.  

¶ The use of synchronous generator emulation methods as GFM control is found to result in 

suboptimal response, therefore, alternative control strategies need to be developed. 

¶ Overall, Type-3 GFM WTG systems are shown to display some of the core capabilities expected 

from GFM control including operation in weak grids, inertial response, and fault current 

contribution. 
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2.2.3.2 Evaluation of Type-4 GFM WTG  

 
In order to verify the ability of the Type-4 GFM wind farm to operate in very weak grids, an SCR ramp-down 
test is performed as shown in Figure 48.  
 

 

Figure 48: Low-SCR operation of Type-4 GFM-WTG. 
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The tests defined for Type-4 WTG in section 2.1.3 are conducted and results are obtained. These 

results are summarised in Table 12, while the detailed waveforms are provided in the Appendix.  

  

Frequency Disturbance Shallow and Deep Faults 

Current Limitation 

(Q-priority / non-
priority) 

The current limitation method does not have 
a considerable impact on the inertial 
response. 

However, the recovery period can display 
power drops due to the current limitation in 
MSC. 

Q-priority current limiter offers more headroom for 
reactive current, hence, slightly more reactive 
power support in both fault events.  

However, this limiter leads to undesirable power 
peaks at the fault clearance as it restricts the active 
current flowing in the system. 

Grid Strength 

(Weak / Strong) 

Grid strength has negligible impact on inertial 
response with proper controller tuning.  

A strong grid can cause severe fault currents leading 
to instability conditions. 

However, a deep fault condition triggers the DC 
chopper in both grid conditions. 

Wind speed 

(High / Rated / Low) 

High wind speed can comparatively provide 
better frequency support since the pitch angle 
control allows extra wind energy to be 
harvested. 

Rated and low wind speeds provide inertial 
response primarily by reducing the rotor 
speed. 

High and rated wind scenarios cause more post-
fault oscillations and exhibit longer settling times.  

At low wind speeds, the system displays better 
robustness and rides through longer fault periods. 

 

Table 12: Summary of Type-4 GFM WTG test findings. 

 
Based on these findings, three main shortcomings in Type-4 GFM-WTG are identified in comparison with 
GFM-BESS performance. These are summarised in Table 13. 
 
 

Shortcoming  

Instability and recovery 
challenges 

The system faces instability issues, particularly in the recovery period due to the impact of 
machine-side components which affect the active current flow. 

Response variability across 
wind speed conditions 

The system responds differently to faults depending on wind speed conditions, requiring careful 
GFM parameter adjustment for stable operation. 

Challenges with current 
limiting strategy 

Current limiting strategies have a pronounced impact on Type-4 GFM WTGs due to active 
current variability, demanding re-evaluation for effective fault management. 

Table 13: Shortcomings in Type-4 GFM-WTG performance. 

 

Transient performance evaluation: In general, both high and rated wind speeds exhibit similar 

responses to a fault, while low wind speeds demonstrate a faster recovery process. Notably, the 

system provides similar reactive power support to the grid regardless of the wind speed condition. 

The reduction of active power during the fault is reflected in the rotor speed, as the rotor speed 

accelerates during the fault duration. The post-fault recovery is considerably affected by the 

machine side control levels since MSC is working towards regulating the DC-link voltage which is 

also impacted due to the fault. The q-priory current limiter allows for more headroom for reactive 

current flow in the system, thereby offering slightly increased reactive power support in both 

scenarios. The q-priority-based limiter leads to undesirable power peaks at the fault clearing point 



72  |  CSIRO !ǳǎǘǊŀƭƛŀΩǎ bŀǘƛƻƴŀƭ {ŎƛŜƴŎŜ !ƎŜƴŎȅ 

as it restricts the active current flowing in the system, which is also influenced by the machine-side 

dynamics. 

GFM BESS vs Type-4 GFM WTG: In order to determine the unique responses when the GFM is 

influenced by machine-side dynamics, the following test case illustrates the responses of a GFM 

BESS and a Type 4 GFM WTG side by side for a similar fault scenario. It's important to note that all 

grid-side parameters are kept constant at the same values to ensure an equivalent comparison. 

  

  

Figure 49: Fault performance comparison of a GFM BESS and GFM WTG operating below the rated power. 

 
As highlighted in Figure 49, the response during the fault is nearly identical in both systems, while the 
recovery process shows distinct characteristics. In comparison, the GFM BESS demonstrates a smooth 
recovery process primarily because its DC-link voltage remains constant with an adequate energy buffer. 
However, in the case of a WTG, the impact of the fault on the machine-side components, particularly on the 
DC-link voltage and rotor speed, ultimately contributes to the undesirable behaviour observed after the fault. 

  


























































